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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 gigpe 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 %agd® enable us to resolve as well-
pronounced maxima i — V4 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 adikkeground state, the first excited
p-like state and the second excitddike state. We are able to obtain the hole correlafidmarging energies
in the ground and first exited states, the quantization energies and the localization lengths.
[S0163-182609)08819-0

[. INTRODUCTION ded in the vicinity of a hole channel. The devices were
formed into field-effect transistors, allowing one to control
Epitaxial growth of highly strained materials in the the hole concentration both in the impurity band of p-doped
Stranskii-Krastanov growth mode enablassitu fabrication  layer and in the quantum dots. We demonstrate that trapping
of dense arrays of nanometer-scale high-quality quanturof holes by Ge dots strongly affects the activation energy of
dots (QD’s) which can be considered as artificial atoms.hopping in the impurity band. We observe drain conductance
Most of the experimental and theoretical wofk€ on the  modulation with respect to gate voltage due to injection of
structural and electronic properties of such self-assembleloles into quantum levels of dots and hopping transport be-
QD’s have concentrated on the heterosystem InAs/GaAs. Itween them.
particular, it has been fouid® that InAs dots embedded in
the vicinity of_a tvv_o—dimgnsi(_)nal electron gas in selecti_vely Il. EXPERIMENTALS DETAILS
doped heterojunctions give rise to a progressive reduction of
the electron mobility, acting as controllable scattering cen- The samples were fabricated on &8i (001) substrate
ters. Typical densities of InAs QD’s formed on GaAs sub-with resistivity of 7.5( cm by molecular beam epitaxy. Fig-
strates are about 3 cm 2 or less. Despite the current ure 1 shows the structure and its corresponding band dia-
trends in microelectronics which require the development ofjram. After preliminary chemical processing, the substrates
methods for producing quantum dots in silicon-based strucwere placed in the growth chamber where they were cleaned
tures, self-assembled Ge QD’s on Si are less studied. Undeét 800°C in a weak Si flux. As a result of the cleaning
certain conditions, the heteroepitaxy of Ge on(®1) can  process, an atomically pure surface with ax(®) super-
produce quantum ddtsas small as 8 nm in diameter with structure is formed. Next, a 100-nirSi buffer layer, a
density as high as %10 cm™2, which is very important 40-nm p-Si layer (3x 10" c¢cm 2 B with a degree of com-
for technological applications both for electronic memoriespensationK <3x10~3) and another 40-nm i-Si layer were
and for optoelectronic devices. Ge Stranskii-Krastanov isgrown at 500 °C. After that the Ge layer was deposited at
lands have been studied by several experimental technique0 °C at a rate of 0.3 ML/&L ML=1.4 A). The nominal Ge
such as tunnelling? Raman scatterin  thickness,dg¢, was varied from 0 ML(no Ga& to 20 ML
photoluminescenct;'*®admittance spectroscoffyand ca- along the wafer diameter by step-by-step movement of a
pacitance spectroscopy!® but little is known so far about shutter inserted into the Ge beam during the growth process.
their electronic spectrum and no work has been done on theifhe structure was finally capped with 40 nm ie®i. The
transport properties. doped Si layer serves as a source of holes which can be
In the present paper we study hopping conduction imabsorbed by the potential well in the valence band of the Ge
modulation-doped structures, in which Ge dots are embedlD’s. Al source and drain electrodes were deposited on top
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of the structure and heated at 450 °C in ad&imosphere to s 100
form reproducible ohmic contacts, followed by evaporation S o |
of thin (~10 nm) indium strips. The spacing between source 10 y E 1Eq=38 meV
and drain was 14@m with a channel width of 3 mm. 10 Fp
Due to its~4% lattice mismatch with respect to the Si, 10712k . . g
the Ge layer starts to grow commensurately until a critical 0.00 0.05 0.10 015 0.20
thickness is reached, when islands are formed spontaneously. ()

For present growth conditions, the critical thickness is about _
4-6 ML. By this process it is posible to fabricate, coherent F_IG. 2._ Temperature dependence of conductance for various
with the substrate, Ge nanocrystai$iut” clusters) which nominal thicknesses of Ge layer. The gate voltage is 0 V.
have lateral dimensions of several nanometers and good size . , i
uniformity. STM studies have sho#ht8that for nominal Ge netic field perpendicular to the sample surface in the range
thickness of 10 ML, the average in-plane diameter and®m Ot 1 T.
height of the dots are 13 and 2.5 nm, respectively. They
fluctuate within a 20% range. The density of the dots is [ll. RESULTS AND DISCUSSION
Nop=3x 10" cm™2. At dey>13 ML, misfit dislocations re-
lease the strain and the structure becomes dislocation rich
with huge islands having the Ge lattice constant. The layer conductance in a series of samples where the
For field-effect measurements, samples were prepared iaverage thickness of the Ge layer is varied is shown in Fig. 2
the form of metal-oxide-semiconductor field-effect transis-as a function of temperature. At temperatures above 30 K, all
tors (MOSFET'S. It was necessary to avoid sample heatingsamples show simple activation-type characteristics with ac-
above 550 °C which would cause Ge segregation. Howevetjvation energyE,=38—40 meV. This value is close to that
it was very undesirable to use low-temperature process diported for the ionization energy of an isolated B impurity
insulator growth because of the low dielectric breakdownstate ;=45 me\). Some difference betwedf, andE; can
threshold in such insulators. For these reasons we used ke attributed to the formation of the impurity band with Cou-
kind of “bonding” technique. A thin degenerate Si wafer lomb potentials from the randomly-distributed charged im-
(gate was oxidized at 1000 °C in an, Gatmosphere to pro- purity centers in the-type channe(Fig. 3. If the degree of
duce a 110-nm-thick SiQ Then this gate with the oxide film compensation ~ tends to  zero, then E,=E;
was attached to the In strips of the sample in deionized wa= 0.99&2Né’3/(4we50), wheree is the electronic charge;, is
ter, then taken out and heated at 180 °C to “solder” the twothe relative permittivity, anég is the boron concentratiof.
together. The largest potential that could be applied betweeRor Ng=3x 10" cm 2, the above relation yield&,=37
the gate and channel in these structures, set by dielectrimeV. Therefore, the temperature dependence of conductivity
breakdown, was 30 V. Special care was taken to select dexbove 30 K is consistent with conduction by holes thermally
vices without dust particles and other contamination betweeactivated from the impurity states to the valence band of the
oxide and sample. p-type Si layer.
We used a Keithley 65¥%¢ electrometer for measure- At T<20-30 K, activated behavior is also presented but
ments of the channel resistance. The source-drain voltagbe value of the low-temperature activation eneMyyis
was fixed at 100 mV which ensures Ohmic conduction in themuch smaller than that at high This temperature depen-
temperature range from 300 to 4 K. In the field-effect experi-dence is characteristic of nearest-neighbor hopping conduc-
ments, the gate voltagérom —25 V to +25 V) was sup- tion in the impurity band. Figure 3 showd obtained from
plied by an HP E3631A Triple Output DC Power Supply. the slopes of I vs T~ as a function of Ge coverage. One
The magnetoresistance was measured by applying a magan see that hopping energy is strongly affected by the prox-

A. Temperature dependence of conductance
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FIG. 3. Dependence of the hopping activation energy on Ge ; . .
coverage. The inset shows the density of impurity states in th«% ,nGéa(nf ?/)MI'_rr?;eizzgeghli)?/vts)y:fefg;;:?drg- 32&3 irf g)ér?/allzed
- i i . [*]
p-type Si band gap for & weak compensation. characteristic of the 13 ML sample.
imity of Ge layer wherd., exceeds 2 ML, indicating that the We attrib_ute the oscillating component to conduction by
quantum dots are the main source of hopping energy chang [relc(:t hop%mg.of h;)les betweenl dots, \f/vﬂelreas thﬁ smooth
In the case of weak compensation, the Fermi level lies in th@ackground arises from accumulation of holes in the impu-

tail of the density of impurity stateig. 3. The activation 'Y band of thep-Si layer. In these samples, the dots typi-

energy,W, is determined by the energy difference betweenca"y have diameters of 13 nm and spacing of 10 nm so the

Er and the cener of the band. FoK—0, W  Separaion between them is 3-4 Afhis is a reasonable
09N (d4mcc) I e take th expermentlvake Sa1CE [0 Lnelingn e llon and s conpatble it
of W for the bare samplé0 ML of Ge) W=7.5 meV we b 9 ppINg q

. _ . layer.
obtainNg=2.5x10"" cm™3 which is close to the value ex- , - .
pected from the growth conditions. Thus, this hopping con- Applying the gate potential induces a charge into the sys-

duction channel is also associated with th&i layer. tem with density given bAc=Cgaid/g, WhereCgyeis the

We believe that the quantum dots act as controllable COm_(_:apacr[ance per unit area between gate and film. This results

pensation centers by extracting holes from the impurity band filing of the dots by holes. Since the density of states in
The dependence oW on K should be of the formw the QD’s is discrete, the change of dot occupation gives rise

— 2N (K)/(4 hereF | . | functi to distinct features in th&—V,, traces. The condition for a
=€'Ng"F(K)/(4meeo), whereFis Some universal unclion ., vimum in conductance is that the corresponding level is
of K. It follows from the theory® that an increase iK from

. X only half filled. In the case of a fully occupied state, the hole
0 to 1 causes the functidi(K) to fall rapidly, pass through 54 4 he activated to the next energy level in a dot. This
a minimum atK ,;,~0.3 and then to rise again following the

t the Fermi level th hthe | itv band. W requires a larger activation energy, and therefore the conduc-
movement of the Fermi level through the impurity band. We 06 agsociated with this process is smaller. Thus the con-

see that similar behavior is observed in our sam#8. 3., ctance spectrum reflects directly the hole energy spectrum
At the minimum, the theory predict®W(Kp)~0."W(K j, the Op's. Similar modulation of drain current has been
=0) which givesWy;;~5 meV for our case and is in agree- ohserved by Horiguchét al® in InAs QD field-effect struc-
ment with the data in Fig. 3. Taking the degree of compeny, o5 ysing a split gate. Remarkably, in our samples, well-
sation at the minimum as about 0.3, we can estimate NOWegqved conductance oscillations are observed in channels
many holes have been captured by QD's. This simple calcuhich contain about f0dots, whereas in the InAs/GaAs

. . 1 —2
lation yields the reasonable value of 3.60" cm™2 Com-  ¢uctom there were only 100 InAs dots between the split gate
paring with the density of quantum dotshop~3  glectroded.

X 10" cm™2, we deduce that at the minimufabout 6 ML)
each dot traps about one hole. 16

6 K
10 ML Ge

B. Field effect

The change in channel conductance with gate voltage is
shown in Fig. 4. Conductance increases at negaifyes
would be expected from thp-type nature of the material.
Two important features are observed. First, the field effect is 0.4F 14K
reduced by embedding the QD layer. Second, in samples
which contain well-defined dot8-13 ML), contributions 00t
to the conductance appear which oscillate with gate voltage.
The distance between successive conductance pAaks,
depends on the average Ge thickness, in partickiigy de-
creases with increasing QD size. At high temperatures, the FIG. 5. Field effect for the 10 ML sample at various tempera-
peak width widened and oscillations disappeaféid. 5). tures.

s shell

AG/G
oo
~

Gate Voltage (V)



PRB 59 HOPPING CONDUCTION AND FIELD EFFECT INS . . 12 601

1.6 p-like first excited state = =1) has a twofold orbital as
well as twofold spin degeneracy. However, the degeneracy
50k 10 ML Ge of the states is lifted by electron-electron interaction in the

dots. So the difference in the gate voltage between loading of
the (N—1)th andNth holes into the same shell is a direct

O 08t consequence of Coulomb repulsion. In the 13 ML sample,
g one more broad shoulder can be identified arolhd~
04l —13 V (see inset in Fig. ¥ We associate it with charging of
' the second excited-like state (= *=2). Unfortunately, the
individual charging peaks of the shell are not resolved due
00— ———— = to inhomogeneous broadening in the dot ensemble. One can

see in Fig. 4 that, at zero gate bias, the dots are charged by
one or two holes only, which is consistent with the discus-

FIG. 6. Field effect for the 10 ML sample in a magnetic field at SO Of the compensation role of the QD's.

T~6 K. The energy level separatiod E) of the different charge
states in the dots can be estimated by usiif= neAV,,

In a magnetic field, the field effect decrea¢Eigy. 6) cor- ~ where the gate modulation coefficientrelates the gate volt-
responding to a positive magnetoresistaf/d®). The most  age to the hole energy inside the dot. This coefficient can be
important finding is the rapid disappearance of the conducdetermined from the following electrostatic considerations.
tance oscillations. This is seen more clearly at hig, Since the field effect is strongly reduced with increasing dot
where higher states in QD’s are occupied. It is less prodensity, we can assume that most of the chage,induced
nounced for the low energy states aroligt=0. An expo- by gate voltage is captured by the QD’s. Then, the change in
nentially large positive MR is a characteristic feature of hop-the charge of each dot 8qop=Aa/ngp and this gives rise
ping conduction. It arises from shrinkage of the waveto a change in potential of the dod¢=Aqqp/Cop
functions in a direction transverse to the magnetic field ori-= Cgad Vy/(NopCqn), Where Cqp is the dot self-
entation and is therefore very sensitive to the localizatiorcapacitance. Thus the final result is
radius,|. The obvious difference between the behavior of the
conductivity oscillations in a magnetic field for excited states 7=A¢/AVy=Cyae/ (NgpCqp)-
and for the ground state results from the difference in their

spatial dimensions. For a weak magnetic figl L, where ~ Let us calculatey for the 10 ML sample. The value @qp
Lg=(#/eB)¥? is the magnetic lengih the conductivity for a disk-shaped dot with diametBrin classical electrostat-

Gate Voltage (V)

should decrease with the fieRlas® ics is given byCqop=4€eoD. For D=13 nm ande= eg;
=11.7, this yieldsCqop=4.8 aF. The gate capacitance con-
G(B)=G(0)exp[— 0.04/(Lgn)}, sists of the capacitances of oxide film and of air gap in series.

) . . . Taking the appropriate geometrical parameters of the struc-
wheren is the concentration of localized states. By this for-4 .o (Fig. 1, ngp=3% 10M cm™2 and relative permittivities

mula we can estimate the relation between the characteristig ¢, SiO, and 1 for the air gap, we findCyqe=1.2
lengths of excited and ground states x10°% F/m? and p=0.83<10 2. ’ gate

The gate voltage difference between the two peaks in the
s shell is 3.3 V for the 10 ML sample, and hence the esti-
whereGg, andGe, are conductances of the QD's layer at low mated energy gap between singly and doubly occupied
V4 and at highV,, respectively, when the ground and ex- states, i.e., the-s correlation energg; °, is 28 meV. This
cited states are occupied. To obtain the “pure” contributionvalue is in reasonable agreement with the charging energy
from the QD’s we must subtract the background as indicate@btained in the capacitance spectroscopy experimtérgs,
by the dash lines in Fig. 6. Taking the data/gt=—1.2Vas meV, and by studies of the barrier admittadt€9 meV.
Gy and atVy=—15 V as G, from their change in Similarly, thep states are separated by ~1.2 V, giving
a field of 0.4 T, Gg(0 T)/G.(0.4 T)=3.5 and EL P~11 meV. We note thaE? P is smaller tharE? ™ ®° by
Gg(0 T)/Gy(0.4 T)=1.5 we obtainle,/I4~3 which is  a factor of about 3. The reason is that the spatial dimension
reasonable. of the wave function of the excited states is larger than that
For the 8 and 10 ML samples, the conductance structuref the ground state. Therefore the interaction eneify,
reveals two distinct shells of the hole states in the Ge QD’sx| "1, gets smaller. This explanation impligs/ls~3 which
The first shell contains two peaks, the second displays fouagrees well with analysis of the magnetoresistance data.
well-pronounced maxim&see for example Fig.)5 This  Similar calculations allowed us to determined the character-
structure can be explained well by the model which assumeistics energies for the other samples, in particular for the 8
a two-dimensional parabolic lateral confinement in theand 13 ML samples. The results are depicted in Fig. 7. It
dots?! At zero magnetic field, the energy-level diagram con-seems to be quite reasonable that all energies decrease with
sists of equidistant statds, | =(2n+|l|+ 1)k, wherehw  increasing the nominal Ge thickness due to increase of the
is the quantization energy arldis the angular momentum QD'’s size.
number’? The degeneracy of a state with energm ( We may also obtain the separation of thandp energy
+1)hw is 2(m+1) with m=2n+|l|. Forn=0, theslike levels in the dotsgs,, which, in the harmonic well approxi-
ground statel=0) can accommodate only two holes. The mation, equals the quantum energyw. We have to re-

lex/1g=IN[Gex(0)/Gex(B) 1/IN[G(0)/ Gy B) ],
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_o_g S From the quantum energy we may calculate the charac-
¢ teristic oscillator lengtH = y#/(m* @) nm in the quantum

\ —o—E"P dots. Using the effective mass for heavy holes in @g,

. 100 —A—5gy =0.34m,, we obtainl=1.5 nm. We may also estimale

%é v pd from the correlation energy in thelevel using the relaticft

= E‘\ ES °=e%/(4meegl), which leads tol=2.9 nm for e=ege

5 o n\ﬁ =16. The agreement between two above values is quite sat-
c

L

isfactory especially if we remember that strain can modify

\' the carrier effective mass. Also, deviation from an harmonic
10

3 \. 1 potential may exist.
8 9 10 11 12 13
Ge coverage (ML)

IV. CONCLUSIONS

We have studied effects of embedded Ge dots on hole
FIG. 7. Variation with Ge coverage of correlatigoharging  transport in modulation-doped Si-based structures. We have
energies in thes and p shells,EZ ° andE! P, and the bare level found that the QD’s act as controllable compensation centers
spacings dsp and 8, . changing the activation energy of hopping conduction in the
impurity band of the underlying-doped Si layer. Conduc-
member that in the experiments the levels are filled sequertance modulation, corresponding to changing the number of
tially so that theAE’s include relevant correlation energies. holes per dot, has been observed by varying the gate poten-
These have to be subtracted to obtain the “bare” level sepatial. The oscillating field effect is attributed to hopping con-
ration duction through the discrete energy levels in the dots. The
correlation (charging energies in ground and first excited
Ssp=hw=AE>"P—2EZ P, states, the quantization energies and the localization lengths

have been determined.
where AES™P=122 meV is the energy difference between
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