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Localized-state band induced by Bé-doping in Si/Si,_,Ge,/Si quantum wells
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The density of states of the two-dimensional hole band id-dped Si/Si_,Geg /Si quantum wells was
obtained using space-charge spectroscopy. SiSe, ,5/Si structures studied have a (2-8)0' cm 2 con-
centration of Bé doping in the middle of the quantum well. We have observed the effect of localization for
small concentrations of confined holes. The activation energy for the hole emission rate increases as the
concentration of confined holes decreases. This allows one to estimate the density of states for the tail of the
two-dimensional acceptor ban50163-1828)01211-9

I. INTRODUCTION reverse bias. The dependence of the activation energy of the
hole emission rate on the concentration of confined holes
Boron-doped Si_,Ge, layers in silicon are candidates for gives the possibility to obtain information on the density of
use in high-speed or other devices integrated with siliconstates of the two-dimensional boron impurity band.

based circuits. Various infrared detectotshave been dem- In this study, we used Si/$}Ge) 5/Si QW structures.
onstrated using these layers. They may also be potentiallyhe concentration of boroA doping, Nz, in the middle of
used for far-infraredteraherty emitters and lasers. the Si, 4Gy 05 layer isNg=(2—5)x 10! cm™2. Note that

However, little information is available on the density of Ng<N, whereN ~1.5x 10*2 cm™ 2 is the critical concentra-
states and mobility of confined holes in these layers. Fofion of B in Si for the Mott metal-insulator transition in a
example, it is not clear how the energy position of acceptogjisorder two-dimensional layer. For estimatiNg the con-
states changes with the;SiGe, layer width, the Ge con-  jition N¥230~0.37 is used:® wherea is the effective Bohr
centration, or the location of the acceptors in Si/SGe, /Si radius gciven by the relatior®= (2m,E»)¥%/% equal to 2.3
layers. It is also not known how extended states are forme%jm with the experimental value olf t/ﬁe binding ene@(

as the boron concentration increases. Strongly correlated . -
two-dimensional carrier systems are now under intensive_45 meV, and the light hole mass,=0.16 m, calculated

study, including the question of an metal-insulator transition”? SPherical approximation. The critical concentratidh
in such system&: should be smaller in the case of, g6, ». A calculation with

Here, we present an investigation of borédoped quan- & linear interpolation of the parameters for SiGe giE&\-s
tum Si,_,Ge, layers by space charge spectroscopy, and dem= 37 meV, m;=0.14m,, a’°=2.7nm, and corresponding
onstrate the possibility to determine the density of states of &lc=1.9x10'> cm™2. Thus, for our borons-doping condi-
two-dimensional impurity band. tion localization is expected for the first impurity band

Deep-level transient spectroscofLTS) is a standard formed by boron.
technique for measuring the activation energy of carrier In the equilibrium condition, the concentration of holes
emission from deep levels. In applying DLTS to studying n,, confined in the QW should exceé&t} ; holes are supplied
carrier emission from quantum-we&l@W) structures, the lat- from the barrier layers. At low temperatures these additional
eral diffusion of confined carriers causes a problem that théoles should occupy the second Hubbard subband, which
carriers are swept from the QW region laterally beneath theesults from theA* states(charged acceptor stajesThe
Schottky contact before hole emission across the barrier casmall binding energy oA* stategfor boron in bulk Si about
occur. Direct hole emission from SifSi,Ge, /Si QW struc- 2 meV) results in a lower critical concentration for the metal-
tures was observed for narrow QW2-3 nnj with high Ge  insulator transition. In this case we obtain an effective radius
concentrations=0.3—-0.5)/ It was easier to observe di- of about 12 nm for separatedd” states and correspondingly,
rect hole emission in this case as the alloy and interfaca critical concentratiotN.=1x 10** cm™2, which is smaller
interface scattering reduces the hole mobility. A low holethan our borors-doping concentration. Thus the condition of
mobility is also expected for borons-doped quantum the existence of metallic states should be realizable here. By
Si;_,Ge, layers. Thus the hole emission can be convenienthapplying a reverse bias to our Si{SiGe, /Si QW structure,
studied by DLTS. In the case of DLTS the confined holethe confined hole concentration can be redirected in a wide
concentration can be changed in the QW layer by applying aange and a metal-insulator transition can be obtained.
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FIG. 1. Schematic picture of the mesa WTi Schottky diode used.
P y FIG. 2. Schematic view ofa) valence-band profile an) dis-

No gap between the extended and localized states is ethr_lbutlon of the density of stateN(E): (i) equilibrium conditions

. . and(ii) nonequilibrium conditions. The energy levels of an isolated
dentin thest()e borog—doe?d quanturIl %Xﬁ@ rllayllers. ng' neutral acceptoEo and of a charged acceptl+ are shown, as
ever, we observed a “freeze out” of the holes to deeper, o g Fermi leveE¢ in equilibrium condition, quasi-Fermi-level

states; a typical behavior of a strongly correlated tWO-g: i, nonequilibrium condition, and the activation enefy.
dimensional carrier system, where the amplitude of random

potential fluctuations(disordej decreases with increasing C
concentration of confined holes. The dependence of the ho||g\|
emission rate on the concentratiog of confined holes gives
information on the density of states for the cage<Ng.

V and admittance investigations were carried out using a
P 4192 A low-frequency impedance analyzer.

B. Admittance spectroscopy and capacitance voltage

measurements
Il. EXPERIMENT

_ The Si/Sj_,Ge,/Si structures having a 300-nm-thick cap
A. Sample preparation layer and an acceptor concentratidp of about 167 cm 3,

The p-type Si/Sj_,Ge, /Si structures used in the present the SiGe layer is outside the Schottky barrier depletion width
work were grown pseudomorphically at 530°C in aat zero reverse biadJz=0). The activation energi, of
molecular-beam epitaxyMBE) system. The epilayers were conductance across the QW can be obtained using admit-
deposited ontq100 p*-Si substrates, B doped, with a re- tance spectroscopy. From the equivalent circuit of the
sistivity of 0.01-0.02Q) cm. First, a 300-nm-thick buffer, Space-charge region of the Schottky diode and the QW, one
B-doped with about 1 cm™3, was grown. For the struc- obtainsC, andG, (capacitanceéC and conductanc& mea-
tures the Sj7:G&, »5 layers were sandwiched between 30 nmsured in a parallel equivalent circuds function ofC,, C,,
undoped Si spacers. The following structures were investiandG, whereC, is the capacitance of the space-charge re-
gated: (1) SiGe layer thicknesdgige="5 nm, undoped(2)  gion of the Schottky diodeC, the capacitance of the QW,
boron & doping in the middle of the SiGe layer with a surface and G the conductance across the GVA maximum in
concentration of X 10 cm ™2, dgge=5nm; (3) boron §  Gy(T) appears aG* =27f(C,+C;).
doping in the middle of the SiGe layer withx&10' cm™2, The temperature dependence of the conductai@e,
dsice=4 nm. The thicknesslgice Was determined by trans- across the QW is given b@(T~ T %exp(—E,/kgT). Hence,
mission electron microscogifEM). Finally, a 300-nm-thick the activation energi, is estimated from the Arrhenius plot
B-doped Si cap layer with a dopant concentration of aboutf the measurement frequendyversus 1T, at which the

10'” cm~2 was depositedFig. 1). conductance peak occurs.
Schottky diodes were prepared by W/Ti deposition. The If the SiGe layer is undope@sample }, the activation
effective area of the Schottky contact wa#s= energy E,=69 meV is well approximated byE,~AE,

1.3x10° 2 cn?. For theCV and DLTS investigations, we —E;, whereAE, is the valence-band offset arif} is the
also used structures for which the thickness of the cap layetonfinement energy of the first level of the heavy hole in the
was reduced by chemical etching to obtain an optimal thickQW.1° Figure 2 shows the important potentials and energies
ness for these investigations. For DLTS measurements, wi@r two-dimensional system under investigation. The Arrhen-
used a mesa Schottky diode geoméffig. 1), such that the ius plot of the measurement frequenttygives an activation
Si,_,Ge, layer did not penetrate the mesa, but formed aenergy ofE,=75 meV for the structure with a B concen-
buried layer. The DLTS measurements were performed withration of 2x 10** cm™2 (sample 2; for the structure with a
the DLTS spectrometer DLS-82 of SEMILAB, Hungary, and B & concentration of X 10* cm~2 (sample 3, a somewhat
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FIG. 3. Dependence of the capacitai@en reverse biabl 5 for
1 MHz measurements at different temperatyszsnple 2; thickness
of the cap layer 150 nm, effective area of the Schottky comact
=1.2x10"2cm?): (a) 50 K, (b) 61 K, (¢) 71 K, (d) 81 K, (e) 129
K.

smaller activation energy &,=51 meV was obtained. This
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FIG. 4. DLTS spectrun{sample 2; thickness of the cap layer
200 nm at the reverse bia¥Jg=4.0V and pulse frequency
=2500 s! (corresponding to emission rate winday=5580 s 1)
for different pulse biased;: (a 2.5V, (b) 3.0 V, and(c) 3.5 V.
The pulse duration walg,=5 us.

quencies, show a similar behavior. The “frozen-out” holes

appears reasonable for the smaller SiGe thickness of 4 n@Je released only at a larger reverse bias, leading to a second
for sample 3 compared to 5 nm for sample 2 as previou$lateau in theCV curve.

calculations show’®
The dependence of the capacitafiC®n the reverse bias
Ugr, shown in Fig. 3 for sample @vith a B § concentration

2x 10" cm™?) reveals a plateau of nearly constant capaci-

C. DLTS measurements

We obtained the minimum reverse bidg , at which the

tanceC*. The plateau between the first and second biaseQW becomes depleted, from ti@=C(Ur) dependencies
Ug; andUp, is related to the hole concentration in the QW Measured at various temperatures. For this condition, we per-

by n,,=C*(Ugr,—URg;)/Ae, whereA is the diode area arg
is the elementary electron charfewe have estimated the
maximum hole concentration,, to be about 18 cm™2 for

formed DLTS measurements. A strong DLTS signal related
to hole emission from the QW was observed for thesB
doped Si/Si_,Ge,/Si structures(Fig. 4), but not for the

the structure with undoped SiGe, and correspondingly for th§ructure with undoped SiGe layer. This difference is prob-

&-doped cases,,=3x 10" cm 2 for 2x 10 cm™2 B, and
ny=5.5x 10"t cm 2 for 5x 10** cm™2 B. In the case of the
B-doped SiGe layer, the concentratiog measured is equal

to the total hole concentration in the QW layer, i.e., the con

centration of holes supplied from the barriers plus thé-B
doped layers. Note that the relatibig<<n,,<2Njp is fulfilled

for the confined hole concentratioy,, i.e., the Fermi level
Er should lie in the secon(Hubbard subband at low tem-

peratures(Fig. 2). The close values of activation energies

ably due to the different lateral hole diffusion in the SiGe
layer for the two case5.The hole diffusivity in the SiGe
layer for the doped sample is lower than for the undoped

SiGe. The DLTS peak temperature and the peak shape de-

pend considerably on the pulse blds, e.g., for larger pulse
amplitude Uk —U,) a broadening of the DLTS peak at the
lower-temperature side occurs, indicating a “tail” of local-
ized states in the QWFig. 4).

The maximum emitted hole concentratiof), was esti-

that in the case of our B doping the larger part of holes lie

=(AC/C)(2NAW?/L), with AC/C at the measurement fre-

in the two-dimensional band of free holes at the measureduencyf=2500s . Here,N, is the acceptor concentration

ment temperatureén the range 60-80 K i.e., below the
confinement leveE; (Fig. 2).

For CV measurement, only holes with an emission este
larger than the angular frequenay=27f contributes to the
plateau in capacitance. Figure 3 shows @e C(Ug) de-

in the buffer layerL is the thickness of the Si layer between
the Schottky contact and SiGe layer, antlis the width of

the depletion region. We have calculated the activation en-
ergy E, of hole emission from the Arrhenius plot of the hole
emission rateer. Figure 5 shows the Arrhenius plots of the

pendencies for different temperatures measured at the meBole emission rater for a QW with various nonequilibrium
surement frequencf. The width of the capacitance plateau hole concentrationsy,, which were realized by various
decreases with decreasing temperature indicating that an ipulse bias amplituded,. The activation energf,, calcu-

creasing part of the hole concentratiogis characterized by

lated from the DLTS measurements for larger hole concen-

a lower emission rater<w. Such behavior suggests a wide tration ny,, is in good agreement with that obtained by ad-
range of activation energies for hole emission. This indicatesnittance spectroscopy. For a smaller hole concentration in

a “freeze out” of the holes to deeper states. TO¥ char-

the QW, the activation energy increases significantly, as

acteristics, measured at a given temperature for different freshown in Fig. 6.
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confined hole system, where the lateral conductiwity the
QW is expected to decrease with temperature according to an
activation law:

o
S

o~exp—e,/kgT), 1

—_—
o
w

whereg, is the energy separation between the mobility edge
g. and the “quasi-Fermi-level’E{ which is a function of
the hole concentration], . It is reasonable to assume that the
activation energye, for conductivity should strongly in-
crease as the hole concentration is redicéd? (Note, we
can introduce a “quasi-Fermi-level” for the characterization
F Activation of nonequilibrium holes in a QW, because the space and
[ energy 151meV 106meV 70meV energy redistributions among confined holes occur faster
s . . s than the hole emission process during the DLTS measure-
15 20 25 30 ment)
o3k The lateral hole diffusivity should also follow the activa-
tion law given by Eq(1). This allows us to observe a DLTS
FIG. 5. Arrhenius plot of the hole emission rae (sample 2; signal for small confined hole concentrations of
thickness of the cap layer 200 nrat the reverse bia8g=4.0V.  (<3x10°cm 2. On the other hand, for larger hole con-
The pulse biagJ, is varied: (1) 2.5V,(0) 3.0V, and(A) 3.5V,  centrations, the lateral hole diffusivity becomes large enough
corresponding to the following nonequilibrium hole concentrationto reduce considerably the hole concentration beneath the
n,, (obtained from the DLTS peakAC/C at f=2500S%:  Schottky contact during the measurement time of DLTS 1/
(0) 3x10°%cm 2, (O) 2x10% cm 2, and(A) 5x10° cm™2 and thus a DLTS signal can not be observed.
The activation energ¥, of hole emission is determined
ll. DISCUSSION by the difference between the potential barkieat the QW
and the Fermi levetg (Fig. 2). The admittance spectroscopy
data give arE, between 75 me\at 2x 10'* cm 2 B) and
51 meV (at 5x 10" cm™2 B) for an equilibrium hole con-
centrationn,,, whenn,, is larger than the BS concentration
Ng. The observed “freeze out” of holes bV measure-
rt|1ents at lower temperaturé¢Big. 3) suggests the existence
df'an impurity band. However, we have no evidence for a
gap between the extended and localized states.
The observed strong DLTS signgFig. 4) indicates a
strong localization of confined holes whap<<Ng. There is
a strong increase in the activation enekyywith decreasing
hole concentratioiiFig. 6). Using this dependence, we have
calculated the density of statB{E) related to the activation
3,5 ‘ : : T energy. This density of staté$E) corresponds to the ther-
%*\ modynamic density of states introduced for the characteriza-
3f ] tion of two-dimensional electron systems with disorder by
+ the relationN(E) =dn,,/dEg .2} "13N(E) was obtained from
the experimental results by the relationN(E)
+ =n%/(0.4&gT) in a way similar to that previously reported
" for the DLTS characterization of the interface state
distribution* The factor 0.48 is due to the signal averaging
. by lock-in technique used for our DLTS spectroméfefhe
boE = energy E is taken asE=E2™-EP'TS| where E2™ and
. EPL™S are the activation energies measured by admittance
;E spectroscopy and DLTS, respectively. The dependence of the
A density of state®N(E) on the energy is given in Fig. 7. The
051 ] value E=0 corresponds to the Fermi level when the two-
dimensional band of free holes is in equilibrium and is close
0 ' : ' to the energy positioft; (Fig. 2).
60 80 100 120 140 160 180 The observed dependentHE) is considerably weaker
Activation Energy E_(meV) than N(E) ~exp(—E/AV) with AV=0.5€’Ng/
: 47eqe,(ny,) Y2 (eog, is the dielectric constantSuch a de-
FIG. 6. Dependence of the hole concentratign emitted with ~ Pendence would be expected for a random distribution of
activation energyE,, on the activation energlf,: sample 2(A),  boron dopants and a carrier screening within the framework
and sample 30). of the classical model fon,<Ng and forn,, larger than the
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T

Holes confined in a QW with a high-doping concentra-
tion give rise to a two-dimensional system with random po-
tential fluctuation$:® In equilibrium, as realized for admit-
tance spectroscopy, the concentration of confined hglas
larger than the doping concentratiddy of boron. In this
case, one can assume that some of the holes are located
the upper subband induced by 8doping (Fig. 2). There-
fore, we expect that a two-dimensional low-mobility metal is
realized® But for DLTS, when applying a large reverse bias
to the structure, the concentration of confined haigsis
smaller tharNg. In this case, we have a strongly localized
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2 ' ' : ; characteristic length along the QW plane. As a result, we
8 + have obtained (A V?))Y2=42 meV forNg=2x 10" cm™2,
o . This estimation is in reasonable agreement with the observed
€ 154 ) . increase of the activation energy. The screening effect should
- - + strongly reduce the random potential with increasing con-
c es fined hole concentration at a relatively low hole concentra-
o 4 tion in the regime of nonlinear screenitig'?In this regime,
z 1r ies i the hole density is very nonhomogeneous in the QW plane
£ & / for the scale of the ordéR, . The characteristic amplitude of
f . oS the random potential, which separates local regions occupied
o5 | P : by holes, is of the ordere_(z/_47-rfeosr)_(NB) 1/2._ Thus, an acti-
‘§ p . vation law(1) for conductivity(isolation regimgtakes place
8 e z here, and conditions for DLTS study are fulfilled.

o ‘ ‘ s

-120 -100 -80 -60 -40 -20 0

Energy E (meV) IV. SUMMARY

In summary, we have studied acceptor states induced by
ron é doping in SiGe QW layers using space charge spec-
troscopy. We have observed a strong dependence of the ac-
tivation energy for hole emission from the QW on the con-
centration of confined holes. The observed transport
residual concentration of compensating impurifieNote, properties of the confi_ned holes for. hole congentrations
that in our case the effective Bohr radiad is practically ~Smaller than the B5 doping concentration are typical for a
equal todsee, and the Bs-doped layer is in the middle of st_rongly localized two-d_lmen5|onal d|_sordered hole system.
the QW. Previously, problems of random potential angFinally, we have d_etermmed the density of states near the tf';ul
screening effect by confined carriers were investigated foPf the two-dimensional band, when the hole concentration in
the case of a>doped layer separated by a spacer from thdhe SiGe QW layer is smaller than the concentration of the
QW layer!2 Applying these results to our structures, we POroné doping.
have estimated the average amplitude of the random poten-

tial in the QW plane in the absence of confined holes by

using the following relation:

FIG. 7. Dependence of the thermodynamic density of state%o
N(E) on the energye, whereE=0 corresponds to the edge of the
two-dimensional band of free holes: sampléd2ash-dot ling and
sample 3(dashed ling
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