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Hopping conduction and field effect in Si modulation-doped structures
with embedded Ge quantum dots
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We report measurements of hopping transport in modulation-doped Si field-effect structures with a layer of
Ge nanometer-scale dots embedded in proximity with thep-type conductive channel. It is found that the
activation energy of hopping conductivity in the impurity band of the doped Si layer changes with increasing
quantum dot~QD! size, passing through a minimum, due to trapping of holes by the QD’s. We observed
conductivity oscillations with the gate voltage which disappeared in magnetic field. The drain current modu-
lation was attributed to hopping transport of holes through the discrete energy levels of the Ge nanocrystals.
Field-effect measurements in structures which contain as many as 109 dots enable us to resolve as well-
pronounced maxima inG2Vg characteristics the single-electron charging of each dot with up to six holes. The
level structure reveals up to three distinct shells which are interpreted as thes-like ground state, the first excited
p-like state and the second excitedd-like state. We are able to obtain the hole correlation~charging! energies
in the ground and first exited states, the quantization energies and the localization lengths.
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I. INTRODUCTION

Epitaxial growth of highly strained materials in th
Stranskii-Krastanov growth mode enablesin situ fabrication
of dense arrays of nanometer-scale high-quality quan
dots ~QD’s! which can be considered as artificial atom
Most of the experimental and theoretical works1–10 on the
structural and electronic properties of such self-assem
QD’s have concentrated on the heterosystem InAs/GaAs
particular, it has been found5,10 that InAs dots embedded i
the vicinity of a two-dimensional electron gas in selective
doped heterojunctions give rise to a progressive reductio
the electron mobility, acting as controllable scattering c
ters. Typical densities of InAs QD’s formed on GaAs su
strates are about 1010 cm22 or less. Despite the curren
trends in microelectronics which require the developmen
methods for producing quantum dots in silicon-based str
tures, self-assembled Ge QD’s on Si are less studied. U
certain conditions, the heteroepitaxy of Ge on Si~001! can
produce quantum dots11 as small as 8 nm in diameter wit
density as high as 531011 cm22, which is very important
for technological applications both for electronic memor
and for optoelectronic devices. Ge Stranskii-Krastanov
lands have been studied by several experimental techniq
such as tunnelling,12 Raman scattering,13

photoluminescence,11,14,15admittance spectroscopy16 and ca-
pacitance spectroscopy,17,18 but little is known so far abou
their electronic spectrum and no work has been done on t
transport properties.

In the present paper we study hopping conduction
modulation-doped structures, in which Ge dots are emb
PRB 590163-1829/99/59~19!/12598~6!/$15.00
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ded in the vicinity of a hole channel. The devices we
formed into field-effect transistors, allowing one to contr
the hole concentration both in the impurity band of p-dop
layer and in the quantum dots. We demonstrate that trapp
of holes by Ge dots strongly affects the activation energy
hopping in the impurity band. We observe drain conducta
modulation with respect to gate voltage due to injection
holes into quantum levels of dots and hopping transport
tween them.

II. EXPERIMENTALS DETAILS

The samples were fabricated on ann-Si ~001! substrate
with resistivity of 7.5V cm by molecular beam epitaxy. Fig
ure 1 shows the structure and its corresponding band
gram. After preliminary chemical processing, the substra
were placed in the growth chamber where they were clea
at 800 °C in a weak Si flux. As a result of the cleanin
process, an atomically pure surface with a (231) super-
structure is formed. Next, a 100-nmi-Si buffer layer, a
40-nm p-Si layer (331017 cm23 B with a degree of com-
pensationK,331023) and another 40-nm i-Si layer wer
grown at 500 °C. After that the Ge layer was deposited
300 °C at a rate of 0.3 ML/s~1 ML51.4 Å!. The nominal Ge
thickness,deff , was varied from 0 ML~no Ge! to 20 ML
along the wafer diameter by step-by-step movement o
shutter inserted into the Ge beam during the growth proc
The structure was finally capped with 40 nm ofi-Si. The
doped Si layer serves as a source of holes which can
absorbed by the potential well in the valence band of the
QD’s. Al source and drain electrodes were deposited on
12 598 ©1999 The American Physical Society
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of the structure and heated at 450 °C in a N2 atmosphere to
form reproducible ohmic contacts, followed by evaporati
of thin (;10 nm! indium strips. The spacing between sour
and drain was 140mm with a channel width of 3 mm.

Due to its;4% lattice mismatch with respect to the S
the Ge layer starts to grow commensurately until a criti
thickness is reached, when islands are formed spontaneo
For present growth conditions, the critical thickness is ab
4–6 ML. By this process it is posible to fabricate, cohere
with the substrate, Ge nanocrystals~‘‘hut’’ clusters! which
have lateral dimensions of several nanometers and good
uniformity. STM studies have shown17,18that for nominal Ge
thickness of 10 ML, the average in-plane diameter a
height of the dots are 13 and 2.5 nm, respectively. Th
fluctuate within a 20% range. The density of the dots
nQD5331011 cm22. At deff.13 ML, misfit dislocations re-
lease the strain and the structure becomes dislocation
with huge islands having the Ge lattice constant.

For field-effect measurements, samples were prepare
the form of metal-oxide-semiconductor field-effect trans
tors ~MOSFET’s!. It was necessary to avoid sample heati
above 550 °C which would cause Ge segregation. Howe
it was very undesirable to use low-temperature proces
insulator growth because of the low dielectric breakdo
threshold in such insulators. For these reasons we us
kind of ‘‘bonding’’ technique. A thin degenerate Si wafe
~gate! was oxidized at 1000 °C in an O2 atmosphere to pro
duce a 110-nm-thick SiO2. Then this gate with the oxide film
was attached to the In strips of the sample in deionized
ter, then taken out and heated at 180 °C to ‘‘solder’’ the t
together. The largest potential that could be applied betw
the gate and channel in these structures, set by diele
breakdown, was 30 V. Special care was taken to select
vices without dust particles and other contamination betw
oxide and sample.

We used a Keithley 6517A electrometer for measure
ments of the channel resistance. The source-drain vol
was fixed at 100 mV which ensures Ohmic conduction in
temperature range from 300 to 4 K. In the field-effect expe
ments, the gate voltage~from 225 V to 125 V! was sup-
plied by an HP E3631A Triple Output DC Power Supp
The magnetoresistance was measured by applying a m

FIG. 1. Schematic diagram of the sample structure, and its
lence band diagram.
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from 0 to 1 T.

III. RESULTS AND DISCUSSION

A. Temperature dependence of conductance

The layer conductance in a series of samples where
average thickness of the Ge layer is varied is shown in Fig
as a function of temperature. At temperatures above 30 K
samples show simple activation-type characteristics with
tivation energyEa538240 meV. This value is close to tha
reported for the ionization energy of an isolated B impur
state (Ei545 meV!. Some difference betweenEa andEi can
be attributed to the formation of the impurity band with Co
lomb potentials from the randomly-distributed charged i
purity centers in thep-type channel~Fig. 3!. If the degree of
compensation tends to zero, then Ea5Ei

20.99e2NB
1/3/(4pee0), wheree is the electronic charge,e is

the relative permittivity, andNB is the boron concentration.19

For NB5331017 cm22, the above relation yieldsEa537
meV. Therefore, the temperature dependence of conduct
above 30 K is consistent with conduction by holes therma
activated from the impurity states to the valence band of
p-type Si layer.

At T,20230 K, activated behavior is also presented b
the value of the low-temperature activation energyW is
much smaller than that at highT. This temperature depen
dence is characteristic of nearest-neighbor hopping cond
tion in the impurity band. Figure 3 showsW obtained from
the slopes of lnG vs T21 as a function of Ge coverage. On
can see that hopping energy is strongly affected by the p

a-

FIG. 2. Temperature dependence of conductance for var
nominal thicknesses of Ge layer. The gate voltage is 0 V.
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12 600 PRB 59A. I. YAKIMOV et al.
imity of Ge layer whendeff exceeds 2 ML, indicating that th
quantum dots are the main source of hopping energy cha
In the case of weak compensation, the Fermi level lies in
tail of the density of impurity states~Fig. 3!. The activation
energy,W, is determined by the energy difference betwe
EF and the center of the band. ForK→0, W
50.99e2NB

1/3/(4pee0).19 If we take the experimental valu
of W for the bare sample~0 ML of Ge! W57.5 meV we
obtainNB52.531017 cm23 which is close to the value ex
pected from the growth conditions. Thus, this hopping c
duction channel is also associated with thep-Si layer.

We believe that the quantum dots act as controllable c
pensation centers by extracting holes from the impurity ba
The dependence ofW on K should be of the formW
5e2NB

1/3F(K)/(4pee0), whereF is some universal function
of K. It follows from the theory19 that an increase inK from
0 to 1 causes the functionF(K) to fall rapidly, pass through
a minimum atKmin'0.3 and then to rise again following th
movement of the Fermi level through the impurity band. W
see that similar behavior is observed in our samples~Fig. 3!.
At the minimum, the theory predictsW(Kmin)'0.7W(K
50) which givesWmin'5 meV for our case and is in agree
ment with the data in Fig. 3. Taking the degree of comp
sation at the minimum as about 0.3, we can estimate h
many holes have been captured by QD’s. This simple ca
lation yields the reasonable value of 3.631011 cm22. Com-
paring with the density of quantum dots,nQD'3
31011 cm22, we deduce that at the minimum~about 6 ML!
each dot traps about one hole.

B. Field effect

The change in channel conductance with gate voltag
shown in Fig. 4. Conductance increases at negativeVg as
would be expected from thep-type nature of the material
Two important features are observed. First, the field effec
reduced by embedding the QD layer. Second, in sam
which contain well-defined dots~8–13 ML17!, contributions
to the conductance appear which oscillate with gate volta
The distance between successive conductance peaks,DVg ,
depends on the average Ge thickness, in particularDVg de-
creases with increasing QD size. At high temperatures,
peak width widened and oscillations disappeared~Fig. 5!.

FIG. 3. Dependence of the hopping activation energy on
coverage. The inset shows the density of impurity states in
p-type Si band gap for a weak compensation.
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e

n

-

-
d.

-
w
u-

is

is
es

e.

e

We attribute the oscillating component to conduction
direct hopping of holes between dots, whereas the smo
background arises from accumulation of holes in the im
rity band of thep-Si layer. In these samples, the dots typ
cally have diameters of 13 nm and spacing of 10 nm so
separation between them is 3–4 nm.17 This is a reasonable
distance for tunnelling in the silicon and is compatible w
the presence of variable-range hopping in the quantum
layer.

Applying the gate potential induces a charge into the s
tem with density given byDs5CgateVg , whereCgate is the
capacitance per unit area between gate and film. This res
in filling of the dots by holes. Since the density of states
the QD’s is discrete, the change of dot occupation gives
to distinct features in theG2Vg traces. The condition for a
maximum in conductance is that the corresponding leve
only half filled. In the case of a fully occupied state, the ho
has to be activated to the next energy level in a dot. T
requires a larger activation energy, and therefore the cond
tance associated with this process is smaller. Thus the
ductance spectrum reflects directly the hole energy spect
in the QD’s. Similar modulation of drain current has be
observed by Horiguchiet al.6 in InAs QD field-effect struc-
tures using a split gate. Remarkably, in our samples, w
resolved conductance oscillations are observed in chan
which contain about 109 dots, whereas in the InAs/GaA
system there were only 100 InAs dots between the split g
electrodes.6

e
e

FIG. 4. Field effect at 6 K for various Ge coverages. Curves fo
0, 6, and 8 ML are shifted up by 0.6 for clarity. Data are normaliz
on G ~4 V!. The inset shows an expanded view on theG2Vg

characteristic of the 13 ML sample.

FIG. 5. Field effect for the 10 ML sample at various tempe
tures.
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In a magnetic field, the field effect decreases~Fig. 6! cor-
responding to a positive magnetoresistance~MR!. The most
important finding is the rapid disappearance of the cond
tance oscillations. This is seen more clearly at highVg ,
where higher states in QD’s are occupied. It is less p
nounced for the low energy states aroundVg'0. An expo-
nentially large positive MR is a characteristic feature of ho
ping conduction. It arises from shrinkage of the wa
functions in a direction transverse to the magnetic field o
entation and is therefore very sensitive to the localizat
radius,l. The obvious difference between the behavior of
conductivity oscillations in a magnetic field for excited sta
and for the ground state results from the difference in th
spatial dimensions. For a weak magnetic field@ l ,LB , where
LB5(\/eB)1/2 is the magnetic length#, the conductivity
should decrease with the fieldB as20

G~B!5G~0!exp$20.04l /~LB
4n!%,

wheren is the concentration of localized states. By this fo
mula we can estimate the relation between the character
lengths of excited and ground states

l ex/ l gr' ln@Gex~0!/Gex~B!#/ ln@Ggr~0!/Ggr~B!#,

whereGgr andGex are conductances of the QD’s layer at lo
Vg and at highVg , respectively, when the ground and e
cited states are occupied. To obtain the ‘‘pure’’ contributi
from the QD’s we must subtract the background as indica
by the dash lines in Fig. 6. Taking the data atVg521.2 V as
Ggr and at Vg5215 V as Gex, from their change in
a field of 0.4 T, Gex(0 T)/Gex(0.4 T)53.5 and
Ggr(0 T)/Ggr(0.4 T)51.5 we obtainl ex/ l gr'3 which is
reasonable.

For the 8 and 10 ML samples, the conductance struc
reveals two distinct shells of the hole states in the Ge QD
The first shell contains two peaks, the second displays
well-pronounced maxima~see for example Fig. 5!. This
structure can be explained well by the model which assu
a two-dimensional parabolic lateral confinement in t
dots.21 At zero magnetic field, the energy-level diagram co
sists of equidistant statesEn,l5(2n1u l u11)\v, where\v
is the quantization energy andl is the angular momentum
number.22 The degeneracy of a state with energy (m
11)\v is 2(m11) with m52n1u l u. For n50, thes-like
ground state (l 50) can accommodate only two holes. Th

FIG. 6. Field effect for the 10 ML sample in a magnetic field
T'6 K.
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p-like first excited state (l 561) has a twofold orbital as
well as twofold spin degeneracy. However, the degener
of the states is lifted by electron-electron interaction in t
dots. So the difference in the gate voltage between loadin
the (N21)th andNth holes into the same shell is a dire
consequence of Coulomb repulsion. In the 13 ML samp
one more broad shoulder can be identified aroundVg'
213 V ~see inset in Fig. 4!. We associate it with charging o
the second excitedd-like state (l 562). Unfortunately, the
individual charging peaks of thed shell are not resolved du
to inhomogeneous broadening in the dot ensemble. One
see in Fig. 4 that, at zero gate bias, the dots are charge
one or two holes only, which is consistent with the discu
sion of the compensation role of the QD’s.

The energy level separation (DE) of the different charge
states in the dots can be estimated by usingDE5heDVg ,
where the gate modulation coefficienth relates the gate volt-
age to the hole energy inside the dot. This coefficient can
determined from the following electrostatic consideratio
Since the field effect is strongly reduced with increasing
density, we can assume that most of the charge,Ds, induced
by gate voltage is captured by the QD’s. Then, the chang
the charge of each dot isDqQD5Ds/nQD and this gives rise
to a change in potential of the dotDf5DqQD/CQD
5CgateDVg /(nQDCQD), where CQD is the dot self-
capacitance. Thus the final result is

h5Df/DVg5Cgate/~nQDCQD!.

Let us calculateh for the 10 ML sample. The value ofCQD
for a disk-shaped dot with diameterD in classical electrostat
ics is given byCQD54ee0D. For D513 nm ande5eSi
511.7, this yieldsCQD54.8 aF. The gate capacitance co
sists of the capacitances of oxide film and of air gap in ser
Taking the appropriate geometrical parameters of the st
ture ~Fig. 1!, nQD5331011 cm22 and relative permittivities
4 for SiO2 and 1 for the air gap, we findCgate51.2
31024 F/m2 andh50.8331022.

The gate voltage difference between the two peaks in
s shell is 3.3 V for the 10 ML sample, and hence the e
mated energy gap between singly and doubly occup
states, i.e., thes-s correlation energyEc

s2s , is 28 meV. This
value is in reasonable agreement with the charging ene
obtained in the capacitance spectroscopy experiments,17 36
meV, and by studies of the barrier admittance,16 29 meV.
Similarly, thep states are separated byDVg'1.2 V, giving
Ec

p2p'11 meV. We note thatEc
p2p is smaller thanEc

s2s by
a factor of about 3. The reason is that the spatial dimens
of the wave function of the excited states is larger than t
of the ground state. Therefore the interaction energy,Ec
} l 21, gets smaller. This explanation impliesl p / l s'3 which
agrees well with analysis of the magnetoresistance d
Similar calculations allowed us to determined the charac
istics energies for the other samples, in particular for th
and 13 ML samples. The results are depicted in Fig. 7
seems to be quite reasonable that all energies decrease
increasing the nominal Ge thickness due to increase of
QD’s size.

We may also obtain the separation of thes andp energy
levels in the dots,dsp , which, in the harmonic well approxi
mation, equals the quantum energy\v. We have to re-
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member that in the experiments the levels are filled sequ
tially so that theDE’s include relevant correlation energie
These have to be subtracted to obtain the ‘‘bare’’ level se
ration

dsp5\v5DEs2p22Ec
s2p ,

where DEs2p5122 meV is the energy difference betwe
loading the first hole into thes state and the first hole into th
p state.~Our value forDEs2p agrees well with that obtaine
by Zhanget al.16 which is 125 meV.! The term 2Ec

s2p cor-
rects for the correlation energy between the hole entering
p state and the two holes already present in the s state.
cannot independently measureEc

s2p but we may obtain a
rough estimate for it by using the physically obvious resu

Ec
s2s.Ec

s2p.Ec
p2p .

Taking the geometrical mean ofEc
s2s and Ec

p2p , we use
Ec

s2p518 meV. Applying the correction, we obtaindsp

5\v'86 meV which is close to the value of about 80 me
observed in resonant tunneling experiments.12 Bare level
spacings are also shown as functions of Ge coverage in
7.

FIG. 7. Variation with Ge coverage of correlation~charging!
energies in thes and p shells,Ec

s2s and Ec
p2p , and the bare leve

spacings,dsp anddpd .
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From the quantum energy we may calculate the cha
teristic oscillator lengthl 5A\/(m* v) nm in the quantum
dots. Using the effective mass for heavy holes in Ge,m*
50.34m0, we obtain l 51.5 nm. We may also estimatel
from the correlation energy in thes level using the relation23

Ec
s2s5e2/(4pee0l ), which leads tol 52.9 nm for e5eGe

516. The agreement between two above values is quite
isfactory especially if we remember that strain can mod
the carrier effective mass. Also, deviation from an harmo
potential may exist.

IV. CONCLUSIONS

We have studied effects of embedded Ge dots on
transport in modulation-doped Si-based structures. We h
found that the QD’s act as controllable compensation cen
changing the activation energy of hopping conduction in
impurity band of the underlyingp-doped Si layer. Conduc
tance modulation, corresponding to changing the numbe
holes per dot, has been observed by varying the gate p
tial. The oscillating field effect is attributed to hopping co
duction through the discrete energy levels in the dots.
correlation ~charging! energies in ground and first excite
states, the quantization energies and the localization len
have been determined.

ACKNOWLEDGMENTS

This work was supported by grants from the Interdiscip
nary Scientific and Technical Program ‘‘Physics of So
State Nanostructures’’~Grant No. 98-1100!, the Intercolle-
giate Scientific Program ‘‘Universities of Russia, Basic R
search’’ ~Grant No. 4103! and the International Associatio
for the Promotion of Cooperation with Scientists of the
dependent States of the former Soviet Union~Project No.
94-4435!. One of authors~A.I.Y.! gratefully acknowledges
financial support from the Department of Physics~University
of Cambridge! which enabled him to carry out low
temperature measurements in Cambridge. We also than
E. G. Astrakharchik for experimental assistance and the
gineering and Physical Sciences Research Council for fi
cial support.
.

*Permanent address: Institute of Semiconductor Phys
Lavrent’eva 13, 630090 Novosibirsk, Russia.

1G. Medeiros-Ribeiro, D. Leonard, and P. M. Petroff, Appl. Ph
Lett. 66, 1767~1995!.

2H. Sakaki, G. Yusa, T. Someya, Y. Ohno, T. Noda, H. Akiyam
Y. Kadoya, and H. Noge, Appl. Phys. Lett.67, 3444~1995!.

3M. Grundmann, N. N. Ledentsov, O. Stier, and D. Bimbe
Appl. Phys. Lett.68, 979 ~1996!.

4M. Fricke, A. Lorke, J. P. Kotthaus, G. Medeiros-Ribeiro, and
M. Petroff, Europhys. Lett.36, 197 ~1996!.

5G. Yusa and H. Sakaki, Appl. Phys. Lett.70, 345 ~1997!.
6N. Horiguchi, T. Futatsugi, Y. Nakata, and N. Yokoyama, Ap

Phys. Lett.70, 2294~1997!.
7P. M. Petroff, K. H. Schmidt, G. Medeiros-Ribeiro, A. Lorke, an

J. Kotthaus, Jpn. J. Appl. Phys.36, 4068~1997!.
8B. T. Miller, W. Hansen, S. Manus, R. J. Luyken, A. Lorke, J.

Kotthaus, S. Huart, G. Medeiros-Ribeiro, and P. M. Petro
Phys. Rev. B56, 6764~1997!.

9G. Medeiros-Ribeiro, F. G. Pikus, P. M. Petroff, and A. L. Efro
Phys. Rev. B55, 1568~1997!.
cs,

s.

a,

,

.

l.

d

.
ff,

,

10E. Ribeiro, E. Muller, T. Heinzel, H. Auderset, K. Ensslin, G.
Medeiros-Ribeiro, and P. M. Petroff, Phys. Rev. B58, 1506
~1998!.

11C. S. Peng, Q. Huang, W. Q. Cheng, J. M. Zhou, Y. H. Zhang, T
T. Sheng, and C. H. Tung, Phys. Rev. B57, 8805~1998!.

12A. I. Yakimov, V. A. Markov, A. V. Dvurechenskii, and O. P.
Pchelyakov, J. Phys.: Condens. Matter6, 2573~1994!.

13A. B. Talochkin, V. A. Markov, S. P. Suprun, and A. I. Nikiforov,
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