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Space-charge spectroscopy of self-assembled Ge-rich dots on Si grown by MBE
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The results of deep-level transient spectroscopy and admittance measurements of self-assembled Ge-rich
dots are presented. The investigated quantum (@) Ge-rich layers in silicon consist of a thin-wetting QW
layer with a width of 4—4.5 monolayers and three-dimensional @stsndg, with heights of about 6—-8.5 nm
and lateral dimensions of about 190—-250 nm. Good agreement was observed with photoluminescence data. An
enhancement of the lateral hole transport between the islands via the wetting layer due to thermally activated
tunneling was observed. This effect is explained by a strong lateral electric field, which is induced by Coulomb
charge of confined holes in the disc-shaped islaf88163-18209)03516-X]

[. INTRODUCTION Recently, a photoluminescence study of the crossover
from two-dimensional to three-dimensional growth for Ge on
Self-assembled Stranski-Krastanov growth of dots inSi(100) has been published, demonstrating island formation
semiconductor heterostructures has recently attracted stromg a function of the monolayéML) Ge depositior?=** For
interest, both in strained 1lI-V materfa® and IV-IV  samples containing 6 ML Ge, only a low concentration of
heterostructure®.® Novel devices based on Ge dots grownislands (2< 10° cm~?) of nearly uniform size, approximately
on a Si substrate have been already propdSdtecently, 150 nm in diameter and 15 nm in height, was observed. An
several publications have reported on different characterizaadditional confinement due to the lateral size of the islands
tion techniques to investigate the structfifal™ and  was not expected, because the island diameter was relatively
optical'81%2properties of Ge and SiGe dots on Si. large. For samples with Ge layer thickness of 12 ML, a de-
In this paper, we present space-charge spectroscomyeasing confinement in the growth direction was observed
analysis of self-assembled Ge-rich dots embedded in Sas the thickness of the islands increased by a factor of 3 as
Space-charge spectroscopy techniques, such as admittartbe layer thickness was increased from 5 to 12 ML. Addi-
spectroscopy, deep-level transient spectros¢Biy’'S), and  tional photoluminescence lines that are redshifted with re-
capacitance voltage measureme(®V), have been used spect to the photoluminescence signal of the two-
with increasing success to study quantum weQWw) dimensional strained layers were attributed to islands formed
structures?*However, there are only a few reports on the by three-dimensional growth’*° The occurrence of these
application of space spectroscopy to investigate QW strucaew lines was accompanied by a blueshift of the photolumi-
tures with islands. nescence of the two-dimensional layers, indicating a strong
A DLTS study is reported for coherently grown InP is- Ge diffusion from the two-dimensional layers towards the
lands embedded in GanysP layer™® The islands are ran- islands.
domly distributed and the density of the dots is about 2 The aim of this paper is to study the hole emission pro-
x10°cm ™2, and their dimensions are 13 nm in height andcesses for sucp-type Si/Ge/Si structures with islands under
about 40 nm in the lateral dimension. A decrease of theequilibrium and nonequilibrium conditions realized in admit-
activation energy from 230 meV to about 180 meV with tance spectroscopy and DLTS investigations, and to clarify
increasing electron concentration in the islands, was interthe peculiarities of hole emission from the islands. Our ex-
preted in terms of Coulomb charging of the quantum dotsperimental study combines admittance, DLTS, and PL inves-
DLTS results have also been published for chemical vapotigations for molecular-beam epitaxMBE) grown Si/Ge/Si
deposition (CVD) grown, p-type Si/SiGg/Ge)s/Si QW  structures with islands, for which the Ge deposition thickness
structures with 5—15-nm thick islands, where the SiGe layewas varied from 4 to 12 ML.
thickness between the islands is uniform and less than 2 nm DLTS is a standard technique for measuring the activation
thick.!2 The average distance between the islands was aboenergy of carrier emission from deep levels. In applying
300 nm. The decrease of the activation energy from 238 t®LTS for studying carrier emission from quantum well
97 meV with increasing hole concentration in the islands wagQW) structures the main problem is induced by the lateral
explained by a broad distribution of confinement energiedliffusion of confined carriers, leading to the situation that the
due to the different thicknesses of the SiGe layer between thearriers could be swept from the QW region beneath the
islands and in the islands. Schottky contact laterally before hole emission across the
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barrier can occur. Direct hole emission from Sj/SiGe, /Si 2ro

QW structures was observed for narrow QW2-3 nm Pt
with high-Ge concentratiorx& 0.3—0.5)1° because here al- WA
loy and interface scattering decrease hole mobility, and h
therefore, it was easier to observe direct hole emission.

can be obtained using admittance spectrosc¢épyIf the

The activation energ¥, of conductance across the QW { Dogp | L

P-Si
SiGe layer is undoped, the activation enekgyis well ap-

proximated byE,=AE,—E;, where AE, is the valence- D ,Saw Sci;pocer
band offset andE; is the confinement energy of the first Si-spacer

level of the heavy hole in the QW.The activation energies ,
of hole emission, determined by admittance spectroscopy for 300 nm P
equilibrium conditions, and measured by DLTS under low-
electric field and for higher nonequilibrium hole concentra-
tion are in good agreemettt. p"Si substrate
A low-hole mobility is also expected for Si/Ge/Si struc-

tures with Ge-rich islands, allowing hole emission to be stud- GaA
ied by DLTS. In the case of DLTS, the confined hole con- — . .
centrgtion can be changed in the QW layer by the reverse FIG. 1. Schematic picture of the mesa WTi Schottky diode

. . . S t d.
bias applied to the structure. We obtained the activation engoomety use

ergy of hole emission from the islands as a function of holeIOWeoI bv Al or Pt deposition. The effective area of the
concentration. This allows us to characterize the eﬁeCtiveSchottkyycontact waAfl 3 1(.)*2cm*2 For the CV and
band offset and an effective density of states for the Ge'”dﬂ)LTS investigations, we élso used Stl’l:ICtUI’eS for which the

islands as function of the activation energy. The aCtivatiOn[hickness of the cap layer was reduced by chemically etch-
energy of hole emission from the Ge layer between the Ge-

i ) : ing. We used a mesa Schottky diode geoméfig. 1).
rich islands was measured by admittance spectroscopy,g'.l_he deep-level transient sgectrosc?@LTeSE)“gm e)asu re-

which allows us to characterize the effective band offset for . .
this Ge layer. ments were performed with a commercial DLTS spectrom-

We cbtaned e b ofsts for e Ge.ch sands and(®(0LSE2 1o SEWLAG, Hungary ano O oo
for the Ge layer between the islands, respectively, also b¥1 9 . 9 b
. nalyzer HP 4192A. Details of photoluminescengd.)
photoluminescencéPL) measurements.

The theoretical part of this paper deals with a detailed” easurements are described eIsewﬁerEL results of the
: . .~ Investigated samples are presented in Table Il.

analysis of the effect of thermally activated lateral tunneling
for the investigated Ge-rich islands due to a strong lateral
electric field. The paper is organized as follows. Section Il  !ll. SPACE-CHARGE SPECTROSCOPY RESULTS
describes sample preparation and gives the results of PL
measurements and structural investigations. In Sec. Ill, w
present the results of admittance spectroscopy and DLT
Section IV discusses the experimental results.

In this section, we present experimental results on the

ole thermal emission rate, obtained for narrow Si/Ge/Si
ayer structures with islands at equilibrium and nonequilib-
rium conditions.

Il. EXPERIMENT A. Capacitance voltage and admittance spectroscopy

. . . measurements
A series of samples with Ge-rich dots was grown on

Si(100) substrates, B-doped, with a resistivity of 0.01-0.02 We begin with capacitance voltag€V) and admittance
Q cm in a commercial solid source Riber Siva 32 MBE usingspectroscopy measurements, which give the apparent carrier
electron beam evaporators for Si and Ge. On a 200-nm thickoncentration profile and the activation energy of hole emis-
p-type Si buffer with a boron doping of 1bcm™3, layers of ~ sion under equilibrium conditions. The dependence of the
different Ge coverage, ranging from 4 monolayévi ) to  capacitance€ on the reverse biad was obtained from CV
12 ML were embedded between 30 nm of undoped Si spaceneasurements performed at 1 MHz. The depth profiles of the
layers (Fig. 1). Finally, the structure was covered with a apparent carrier concentratidfi= N(W) obtained from the
300-nm thickp-type Si cap, also ¥0cm 3 boron doped. dependenc€=C(Uyg) at different temperatures are shown
Details of growth and sample preparation have been reporteéd Fig. 2 for the structure with 4 ML Ge deposition. The
elsewheré. N(W) profiles for this sample give nearly constant acceptor
The growth parameters, the height, diameter, and surfaceoncentration®,; andN,, of about 18”cm™2 in the boron-
density of the dots as received from reference samples bgoped cap and buffer layers above and below the Ge layer,
transmission electron microscopy and atomic forcerespectively. A concentration peak appears inNif&V) pro-
microscopy’!! are summarized in Table I. The values file in the region of the Ge layer, which is expected for hole
marked with an asterisk in Table | are received fromconfinement in the QW*
multilayer samples and may differ somewhat from those for For the Si/Ge/Si structures with 300-nm thick cap layers
the single-layer structures analyzed in this communication.and an acceptor concentration in the cap layer of about
Schottky diodes were prepared by W/Ti deposition fol-10”cm 3, the Ge layer is located outside the Schottky
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TABLE I. Growth parameters, height, diameter, and surface density of islands obtained from reference
samples by transmission electron microscopy.

Growth Growth Rate Dot Height Dot Diameter Dot Density

Sample ML  Temperature [As] [nm] [nm] [um™2]

R1 4 740 0,2

R2 5 740 0,2 190 0,36

R3 6 740 0,2 6 190 9,3

R4 12 740 0,2 8.5 250 30

R5 5 670 0,075 7 180 4
depletion region at zero biadJg=0 V). From the equiva- B. DLTS measurements

lent circuit for the space-charge region of the Schottky diode The DLTS results give the dependence of the activation
and the QW, one obtain€, and G, (capacitanceC and  energy of hole emission on the hole concentration. We ob-
conductancé& measured in a parallel equivalent cirg@s a  tained the minimum reverse bias at which the Ge layer
function of Cy, C;, G, andw=2=f, whereC, is the ca-  pecomes depleted from the@=C(Ug) dependences mea-
pacitance of the space-charge region of the Schottky diodgy,red at various temperaturésFor this condition, we per-
C, the capacitance of the QW, aithe conductance across formed DLTS measurements. A strong DLTS signal of peak
the QW' A maximum in the temperature dependenceamplitudeAC/C, related to hole emission from the QW, was
Gp(T) of the conductance appears@t =27f(C,+Cy). observed for Si/Ge/Si structures with 1Rig. 5), 6, and 5
The temperature dependence of the conduct&oéthe ML Ge deposition, respectively, but not for those with 4 ML
QW is given byG(T)~TY2exp(—E,/ksT). Hence, the acti- Ge deposition. We assume that this is due to lateral hole
vation energyE, is estimated from the Arrhenius plot of the diffusion in the Ge QW layer without islands,i.e., with 4
measurement frequendyversus the temperature, at which ML Ge deposition. Better conditions for DLTS investiga-
the conductance peak occurs. The activation en&gys  tions are realized for the structures with islands in the Ge
well approximated by the potential barrie,=AE,—E,, layer. In this case, holes are localized in the islands due to
whereAE, is the valence-band offset aii is the confine- the deeper energy state.
ment energy of the first level of the heavy hole in the @W.  The DLTS peak shape was observed to depend strongly
In case of Si/Ge/Si structures with islands, the conductancen the pulse biasJ;. For larger pulse amplitudesUg
across the Ge layer is dominated by the lowest potential bar=U;), the DLTS peak broadens on the low-temperature
rier at the Ge layer. Thus, in case of Si/Ge/Si structures witlside. Figure 5 demonstrates this effect for the structure with
islands, the measured activation energy corresponds to tHe2 ML deposition. This broadening is very similar to that
potential barrier at the wetting layer between the islands. observed fop-type Si/Sh/Ge& 3/Si structures with island¥,
Figure 3 shows the capacitan& and conductancé&  but different from the broadening induced by a decay of
measured in the parallel equivalent circuit as a function ofonequilibrium hole concentration due to hole transport in
temperature for a structure with 4 ML deposition. The stepthe QW plané?® This problem will be discussed in detail in
like change inC(T) and the corresponding peak ®&(T)  the following section.
indicate hole confinement in the Ge layer. In Fig. 4, Arrhen- To measure the distribution of activation energies for hole
ius plots of the measurement frequerfcgre presented for emission, we changed the reverse and the pulse biases in
structures with different Ge layer deposition thicknesses. Therder to have a constant bias differenddJ=Ugz—U,
values of the activation energig, for the investigated (=0.4V). Sharp peaks were observed in the DLTS spectrum
structures obtained from the Arrhenius plot are presente¢Fig. 6). Figure 7 shows the Arrhenius plots of the hole emis-
in Table 1. sion ratee, for a Si/Ge/Si structur¢l2 ML Ge deposition

TABLE Il. Results of photoluminescence, admittance spectroscopy and deep-level transient transient
spectroscopy measurements fietype Si/Ge/Si structures with different ML Ge depositidgy (s the energy
gap of Si andEyp is the photon energy for no-phonon ling?dmttace the activation energy measured by
admittance spectroscoplP-"S the activation energy measured by deep-level transient spectroscopy

Eg-Enp for EAdmittance fo Eq-Enp for EPLTS for
wetting layer wetting layer islands islands
Sample ML (meV) (meV) (meV) (meV)
R1 4 79 44
R2 5 101 56 218
R3 6 89 51 225 285
R4 12 48 251 300

RS 5 111 64 223 230
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FIG. 2. Apparent carrier concentration profid=N(W) ob-

H H 1/2
tained from 1-MHz CV measurements at different temperatures fo{heFJ:Sn dtcgrrzzgn:;lflf(;fty%fethsﬁ /ggga;'tzrﬁgt:rzguvev'ltbhydlﬁerem
type Si/Ge/Si structures with 4 ML Ge deposition.
Poe P Ge ML deposition.(Sample R1—, R2—0O, R3—V, R4—],

R5—A). The measurements were performedJat=0.2 V.

TTao%k™h

with various nonequilibrium hole concentrationg,, real-
ized by various reverse biddg and pulse bias amplitudes
U,. The activation energiek, decreases from 300 meV
down to 46 meV with increasing hole concentration. Note
that the activation energl¢,, observed by DLTS for large
hole concentrations;, , is in good agreement with the value
of E, obtained by admittance spectroscopy. In this case, the
actlvat|on energy is controlled by the potential barrier at the
wetting layer between the islands. IV. DISCUSSION
The hole concentratiomy,, which is emitted from
the QW with activation energye, was estimated from
the DLTS signal AC/C through the relation nj,
=(AC/C)(2NAW?/L), with AC/C at the measurement fre-
quencyf=2500s'. Here,N, is the acceptor concentration
in the buffer,L is the thickness of the Si layer between the
Schott_ky con?act anc_i the Ge layer, ands the width of the well in the z direction (Fig. 9). Previous studies demonstrate
depletion region. Using the dependemGg(E,), we can cal-  girain_relaxed islands with Ge content about 70—90 % for the
culate the effective density of staté E)=dnj,/dE, as @  growth conditions use¥:'! To discuss the results of space
function of the activation energy. charge spectroscopy, it is necessary to take into account the

N(E) was obtained from the experimental results by thepotential barriers induced by holes confined on the boundary
relation N(E)=n}/(0.4&3T), previously reported for the

DLTS characterization of an interface state distribution.
The factor 0.48 is due to signal averaging by lock-in
'detectiont’ The energ)E is taken aE=E,. The effective
density of statedl(E,) is drawn in Fig. 8 for Si/Ge/Si struc-
tures with different Ge layer depositions.

The Ge-rich QW layers consist of a thin-wetting QW
layer of 4—4.5 ML width and three-dimensional ddis-
landg with heightsd (in z direction of about 6—8.5 nm and
lateral dimension®d (in xy plane of about 190-250 nm.
These islands are thus too large to induce lateral quantum
confinement. We can approximate the islands by a quantum

T T T T T T T X]O-s
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T(K
0 FIG. 5. Deep-level transient spectroscopy spectrunp-tfpe
FIG. 3. Temperature dependence of the capacitéh¢apper  Si/Ge/Si structures with island$2 ML Ge depositionmeasured at
pane) and the normalized conductan@& w (lower panel for a the reverse biadg=3 V and the pulse frequendy=2500s* (cor-
measurement frequendy=1 MHz for a p-type Si/Ge/Si structure responding to emission rate windogy=5580s") for different
with 4 ML deposition. pulse biase$); with pulse duration Sus.
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FIG. 6. Deep-level transient spectroscopy spectrunp-tfpe FIG. 8. The effective density of statdgE,) as function of the

Si/Ge/Si structures with island$2 ML Ge depositionmeasured at  activation energyE, for p-type Si/Ge/Si structures with different
different reverse biablg and pulse bias), with the bias difference  Ge ML deposition: ¢ —5 ML, —6 ML, A—12 ML.
AU=Ug—U,;=0.4V. The pulse frequency i&=2500s" (corre-

sponding to emission rate windosy="5580s 1) and the pulse du- exciton binding energy due to space quantization is taken

ration 5 us.[Ug=1.0V (straigh}, 1.2 V (dashey, 1.4 V (dotted, into account. This effect is rather large also in the case of

1.6V,18V,20V,22V,24Y. ultrathin QW layers, as demonstrated for ultrathin InAs lay-
ers in GaAs® where a binding energy of the exciton was

of the wetting layer and the Ge-rich islands. observed to be about two times larger than in the bulk. Sec-

A summary of the data obtained by photoluminescencend, it has been shown that thermally activated tunneling via
and by space-charge spectroscopy are presented in Table potential barriers can decrease the activation energy deduced
Admittance spectroscopy results for the activation energy arfom admittance spectroscopy.
in good agreement with PL data f&— Eyp for the wetting The maximum values of the activation energy measured
layers. €, is the energy gap of silicon arflp is the pho- by DLTS are about 50 meV larger than the values estimated
toluminescence energy for the no-phonon finewhich  from the position of the PL peak. However, the PL peak is
should correspond t&,,,—E;, (E,, andE,, are the band proadened by about 50 meV on both sides, presumably due
offset relative to Si and the space quantization level in thao a size distribution of islands. PL results for structures with
wetting QW layer, respectivelyHowever, all data obtained the same growth conditions as used in our study are given in
by admittance spectroscopy are about 30—40 meV smalleRef. 8. But, the maximum activation energy measured by
than the corresponding PL data. This difference can be eX9LTS corresponds to islands with the largest potential bar-
plained first by an exciton effect provided the increase of theiers for holes. One may therefore conclude that these is

reasonable.
e 61 ' ' ' ' ' 1 The DLTS results show a decreasing activation energy
s ] with increasing concentration of confined holes. This result
. is shown Fig. 8, where the effective density of statf€)
1 =dn},/dE, obtained from the DLTS signal is presented. The
103L i hole concentration in an island as function of activation en-
i 3 ergy Ex can be obtained by integration @mj/dE, with
respect to the activation ener@y, , and taking into account
the effective density of islands and the island areA, i.e.,
102 ; —ap | FA
E ] ndw_ApJO N(Eg)dE,. (1)
glf e le c i b | | a Z N
10 20 30 4 S \F
-1 - -
103K . =
FIG. 7. Arrhenius plots of the hole emission ratefor a p-type i ‘
Si/Ge/Si structure WitEl island42 ML Ge depositiggameasngg at | <« h Gesi F, _Tl
different reverse biablg and pulse bias); with Ug—U;=0.4V. Y F A,X
The pulse duration is ms. The parameter is the reverse bidg Si Z
leading to the following activation enerdy,. () Ugr=2.4V, E,
=300meV; (b) Ug=2.2V, E,=241meV; (c) Ug=2.0V, E,

=189 meV; (d) Ug=1.8V, E,=162meV; (6) Ug=1.6V, E,
=125meV; (f) Ug=14V, E,=69meV; (g) Ug=1.2V, E, FIG. 9. Schematic picture of the Ge islands. The lateral and
=46 meV. vertical electric fields are indicated.
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A similar behavior of activation energy was previously 10° — . . ——— .
observed for InP islands embedded in,@g, <P layer® and 105k PR
interpreted in terms of Coulomb charging of quantum dots. It I 1o 3

was also observed for CVD-grown SiGe islartés® where 10 3

the broad distribution of confined energies was explained by~ 10° k
a broad distribution of island sizes. @

In our case, the broadening in the PL line is about 100 4
meV, but we observed in the DLTS study a continuous in- :
crease of the activation energy from about 50 meV to about 10° F
300 meV with decreasing confined hole concentration. Thus, 10 |
this effect cannot be explained by a broadening of islands »
sizes, and should be connected with the charge in the islands 10 o 1 > a4 5 & 7

To understand the reason for this dependence, we suppos (n"1)2 (102em™)
that hole emission from QW islandsneasured by DLTS dw
takes place via a two-step process. The first step is the emis- g1 10, Hole emission rate; as a function of the quadratic
sion from the island to the wetting layer, and the second SteRge concentratiomg,, in the islands forp-type Si/Ge/Si structure

is the emission from the wetting layer to the silicon layer.yith 12 ML Ge deposition (dashed line—experimental data,
But, if the hole concentration in the islands becomes so larggtraight line—theoretical dependence

as to produce a strong electric field around the islands, hole

emission from the islands to the wetting layer is enhanced N 2

due to thermally activated tunneling. Really, a charged island EX=(Eyg—Eyw) —(E1g—E1w) — kBT( —W) , 5

with disclike shape creates an electric field around itself, Ne

which is essentially stronger in the lateral directién  than  \\ here €,q—E,.,) is the band offset between the Ge-rich

in the perpendicular directionF(), if the height of the is-  igjang and thevwetting layer, andE{y— Ey,,) is the differ-
landsd<D, whereD is the characteristic diameter of the gnce i the respective space quantization energies. The char-

island in the QW layefxy plane (Fig. 9. acteristic concentration, depends strongly on temperature
One can gef /F,=D/d by using the formula for the

potential distribution around a charged metallic ellipsoid
with a large difference between tzeandx/y dimensions? ~ 8\Bege (M*)VA(keT)*?
This approximation leads to the following relation Ne= &%k

10% k

10" f

d

D/

(6)

Q eng,D An estimation based on E@6) with parameters of pure
L= = iy (2) Ge [m*=0.043n, (light-hole mask &,=16] gives n.
meoe dD  4sos,d =0.25x 10" cm 2 at T=67 K. An estimation of the hole
, ) concentratiomy,, in an island for the investigated samples
Wher(_and\{v is th_e average s_urface chqrge of the islands, angy using Eq.(1) shows thaing, becomes really larger than
eoe, is dielectric constant in the wetting layer. For the Ge-ihe critical concentratiom,.. Thus, the condition for lateral
rich islands of the investigated structur@&¥,d is about 30 thermally activated tunneling is realized.
(Table ). The strong electric fie[d induced by ch'arge inthe | Fig. 10, the experimental dependence of the hole emis-
|sland should enhance hole emission from the |sl_an_d to thgjop, ratee; is presented as a function of the quadratic aver-
wetting layer. The enhancement of the hole emission rat%ge concentratiom(,)? in the islands. The dependener
from QW due to thermally activated tunneling induced byna 12-MmL structurg of e; on the activation energg, was
electric field was analyzed in Ref. 15. We apply the sameg piained from Fig. 7 at 100 Kfor few points by extrapola-
apprpach to the thermally aqtivated tunneling from islands tQion). The dependenae,,, versusE, was calculated from the
wetting layer, which results in the dependetice experimental data in Fig. 8 using E¢L). In Fig. 10, the
theoretical dependence according to E).with the charac-
F2 teristic concentration,=0.25* 10ttem 2?is also shown. The
er=er exp( EZ) () experlmental results for Iovy—hole concentrations, i.e., when
c all confined holes are practically localized in the islands, are
well approximated by the theoretical dependence. But, at
where the characteristic field. is given by larger hole concentrations the hole emission rate appears to
be controlled by the hole emission from the wetting layer,
and therefore the dependence of the hole emission rate on the
(4)  hole concentration is essentially weaker.

, 24m*(kgT)?
©T pZ%?
ander, is the emission rate in the absence of electric field, V. CONCLUSIONS
andm* is the effective hole mass. Correspondingly, the ef- In conclusion, we have demonstrated the effect of lateral
fective activation energy; of the emission rate from an thermally activated tunneling of confined holes from Ge-rich

island to the wetting layer is given as function of the dot-holeislands to the wetting layer in Si/Ge/Si structures. This effect
concentratiomg,, is related to the Coulomb charge accumulated in the islands.
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