ISSN 1392-1320 MATERIALS SCIENCE (MEDZIAGOTYRA). Vol. 10, No. 4. 2004

Investigation of Properties of Highly Boron-Doped SiGe(C) Thin Layers
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A complex study of charge carrier transport, low-frequency noise and surface electric potential distribution of highly
boron-doped SiGe(C) layers have been carried out. An attention is paid to the conceptual problem that from Hall-effect
measurement for highly degenerated materials we can evaluate the Hall mobility, but for evaluation of mobile charge
carrier density one needs to know the effective density of states at the Fermi level energy. The resistivity, Hall
coefficient and hole Hall mobility have been measured at temperature range from 77 K to 350K, while the surface
electric potential distribution and the low-frequency noise spectra in the frequency interval from 10 Hz to 20 kHz at
room temperature. It is shown that complex investigation of Hall mobility, low-frequency noise and surface electric
potential distribution in highly doped SiGe(C) layers gives to one a powerfull diagnostic tool for quality characterization

of these layers.
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INTRODUCTION

SiGe alloy technology offers a great potential for
improving novel devices such as high-speed bipolar
transistors and metal-oxide-semiconductor devices [1 - 5].
Thin highly doped SiGe layers can be used as the base in
n-p-n high-speed bipolar transistors, because SiGe base
layer may be thinner and doped to higher dopant
concentration level than a normal silicon base. The base
resistance is reduced and the frequency performance of the
device is improved. There also are some conceptual
problems in defining the mobile charge carrier density and
its drift mobility in case of highly doped materials [5 — 7].

This study deals with mobile charge carrier transport
processes, low-frequency noise characteristics and surface
electric potential distributions of boron doped SiGe(C)
layers grown on silicon by reduced pressure chemical
vapor deposition.

DETAILS OF INVESTIGATED STRUCTURES
AND EXPERIMENTAL SETUP

The SiGe(C) layers used for this study were metastable
layers. As the Ge lattice parameter (5.658 A) is larger than
Si (5.431 A), SiGe layer has compressive strain. The
samples were grown on n-type Si (100) substrates
(30 — 40 ©-cm), Ge content in SiGe(C) samples was from
17 % to 28 % with C amount smaller than 0.5 %. Boron
doping concentration was in range of 3x10* — 1x10%* cm™
(Table 1). More information about the SiGe(C) layer
formation is presented in [8].

Electrical properties of highly boron-doped SiGe(C)
layers strongly depend on germanium, carbon, boron
concentration and on defect density. Resistivity, Hall-
effect, surface electric potential and low-frequency noise
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measurements were performed by using the van der Paw
configuration. The resistivity and Hall-effect have been
measured at temperatures from 77 K to 350 K. The noise
and surface electric potential measurements were
performed at room temperature (7 =290 K). The samples
were cleaved in 10x10 mm? or 15x15 mm? pieces and Al
contacts were evaporated at corners of each sample. The
samples were then annealed for 10s at 7=400°C. The
concentration of boron doping was determined by using
high-resolution X-ray diffraction technique.

Table 1. Features of SiGe(C) layers

nm % % cm
D-01 34 27.4 - 1.28-10'°
G26-09 120 24 0.45 3.10.10%®
G26-08 127 23 0.39 6.56:10"°
G26-10 160 175 0.38 4,52.10%
B-07 104 225 - 3.73.10"
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Table 2. SiGe layer characteristics for study of substrate surface
etching effect

Sample Ge, Boron thiI?:ak}r/%s Substrate
No. % doping ' etching
nm
1 215 low 83 no
3 215 high 83 yes
4 215 high 83 no
5 215 low 83 yes

There were also carried out a special study of the
effect of substrate etching on the above mentioned sample




characteristics. The investigated in this case sample
parameters are represented in Table 2. The low-frequency
noise measurement circuit is presented in Fig. 1. Here
LNA is the low-noise amplifier and PC is the personal
computer. The voltage fluctuations were amplified by the
low-noise amplifier, and then the noise spectra at
frequencies from 10 Hz to 20 kHz were calculated on the
PC using a special input card and the fast Fourier
transform algorithm and weighting procedure.The
magnitude of the noise spectral density of voltage
fluctuations was evaluated by comparison with the thermal
noise of standard resistor.

PC

Battery
Fig. 1. Noise measurement circuit

The measurement technique for determination of
surface electric potential and its distribution is presented
in [9].

INTERPRETATION OF HALL-EFFECT
MEASUREMENT RESULTS FOR HIGHLY
DOPED MATERIALS

The Hall coefficient by considering the square
configuration of the van der Paw sample is defined as [10]:

Uyd
B 1)
where Uy is the Hall voltage, d is the layer thickness, I is
the direct current (dc), and B is magnetic flux density (in
our case B = 0.2 7), the factor F is equal to one, which is
the case for a perfectly square shaped sample.
Usually from the Hall coefficient data the mobile
carrier concentration » is defined as:

H = F,

r

n= , (2)
qRy

where 7 is the Hall factor, g is the free electron charge. But

this relation is correct only for nondegenerated

semiconductors. In the limit of high magnetic fields or
under degenerate conditions, the Hall factor » =1 [7, 10].
The same statement deals with the conductivity and drift
mobility expressions:

g<t>

o=qn——r? 3)
m

and
<T>

pa =122 (4)
m

where m" and <z> are the effective mass and the averaged
relaxation time of mobile charge carriers, respectively. For
metals and highly degenerated semiconductors only those
charge carriers take place in transfer process, that are in the
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vicinity of the Fermi level and the effective mobile carrier
concentration n,,can be expressed as [11, 12]:

ny=N(Ep) kT, ©)
where N(Eg) is the density of states at Fermi level energy
E =Epr; k is the Bolzmann constant, ant T is the absolute
temperature. This relation is completely confirmed by
electronic heat capacity measurements. So, the Hall factor
for metals and for all highly degenerated semiconductors
r=1, and Hall mobility takes the following expression:

2
< >
- q*—r 4t . (6)
m <7>
where 7 is the charge carrier relaxation time at the Fermi
level energy. In many fundamental works for metals and

highly degenerated semiconductors it is shown that
conductivity is expressed as [11, 12]:

Hu "
m

1
o :EqZN(EF)vFZ % @)
where vy is the velocity of charge carriers at the Fermi
level. In order to define in this case the drift mobility of
charge carriers, we must rewrite the conductivity in usual

form:

o =q ey ®)
From egs. (5) — (8) one easily obtains the drift mobility
expression for highly degenerated semiconductors and
metals:

1 .5
_qTFvaF _4qtr Ep 9
Har = 3 - * 3 ( )
m kT m-=rr
2 2
This relation can be written in more general form [7]:
1 . 5
g<t> Em<v 7 g<r> N/
/ler = * 3 = * 3 (10)
n ~kT n ~kT
2 2
This expression is also correct for nondegenerated

semiconductors because in this case the mean value of
kinetic energy of mobile carriers <W,> = (3/2) kT. The
eg. (10) shows that for homogeneous and highly degenera-
ted materials charge carrier drift mobility increases with
doping level due to Fermi level energy increase. In order to
explain the Hall-effect measurement results of metals and
highly doped materials an additional condition must be
considered. As shown in [15], for homogeneous metals and
highly degenerated semiconductors the charge carrier
relaxation time at Fermi level at room temperature is
general and equal
7 = hl(kT);
where i = h/(2n) is the Plank’s constant.
The Hall mobility of electrons and holes dependencies
on density of single ionized donors N, and aceptors N in
silicon, respectively, are represented in Fig. 2. The solid
lines are approximations of experimental results at
temperature 7 =300 K [13, 14]. The dashed lines at small
concentration of donors Np and acceptors N, show the Hall
mobility components due to lattice scattering, and the
dashed lines at high doping levels represent the Hall
mobility components due to Heisenberg uncertainty

(11)
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Fig. 2. The Hall mobility of electrons and holes dependencies on
density of single ionized donors Np and aceptors N, in
silicon, respectively. The solid lines are approximations
of experimental results at temperature 7'= 300 K [13, 14]

principle. For ideal case, when there are no macroscopic
faults in the lattice, the hole Hall mobility for high
degenerated pSi at temperature 7= 300 K must be about
50 cm?/(V-s) (it follows from egs. (6) and (11)). Thus, if
Hall mobility is smaller than that value, it unambiguously
shows that investigated material or layer has macroscopic
defects or material has polycrystalline or amorphous
structure, i.e. the mean free path of charge carriers is
restricted by various potential barriers.

EXPERIMENTAL RESULTS OF SiGe(C)
LAYERS AND DISCUSSION

The resistivity, Hall coefficient and Hall mobility
measurement results of SiG(C) layers, presented in
Table 1, are shown in Figs. 3 — 5, respectively. From these
results it is clearly seen, that the resistivity, Hall coefficient
and Hall mobility of highly boron-doped SiGe(C) layers
have very weak dependency on temperature. For sample
D-01 having the layer thickness about 34 nm the observed
results were very nonstabile. Comparing the obtained
experimental Hall mobility results for SiGe(C) layers with
that for ideal case (Fig.2) we can conclude that formed
layers have macroscopic defects.

In [16], it is shown that low-frequency noise (1/f) level
is very sensitive to the material defectiveness. We carried
out the noise measurements of these layers. In oder to
eliminate an influence of contacts, the noise spectra were
measured between contacts 2 — 4 (transverse direction),
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Fig. 3. The resistivity of boron-doped SiGe(C) layers, presented
in Table 1, dependencies on temperature
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Fig. 4. The Hall coefficient of boron-doped SiGe(C) layers,
presented in Table 1, dependencies on temperature
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Fig. 5. The hole Hall mobility of boron-doped SiGe(C) layers,
presented in Table 1, dependencies on temperature

while the direct current was flowing between contacts
1 - 3 (Fig. 1). The obtained relative voltage U fluctuation
spectral density dependencies on frequency for investiga-
ted SiGe(C) layers are represented in Fig. 6.
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Fig. 6. The noise spectra of boron-doped SiGe(C) layers,
presented in Table 1. The dot line for sample G26-08
presents the noise spectrum when noise was measured
between current flowing contacts 1 — 3 (Fig. 1)

The noise spectra have typical 1/f law which is
characteristic for materials having defects. The observed
noise level is higher than that for boron-doped silicon [16].
On the other hand, it is also demonstrated that for SiGe(C)
layers Al contact interface is not ideal. The obtained results
are very useful for further optimization of SiGe(C) layer
formation.



INVESTIGATION OF SUBSTRATE
SURFACE ETCHING EFFECT

Here we present the investigation results of SiGe
layers (Table 2) formed on substrate »n-Si (001) after the
substrate surface etching in the epitaxy reactor (samples
No. 3 and No. 5) and without etching (samples No. 1 and
No. 4). The samples No.1 and No.5 with low boron
doping (about 6:10 cm™) and samples No. 3 and No. 4
having about an order higher boron doping level have been
investigated.
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Fig. 7. The resistivity of boron-doped SiGe layers, presented in
Table 2, dependencies on temperature
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Fig. 8. The Hall coefficient of boron-doped SiGe layers, presen-
ted in Table 2, dependencies on temperature

The resistivity, Hall coefficient and hole Hall mobility
measurement results in temperature range from 77 K to
350 K are represented in Figs. 7-9, respectively. The
obtained charge carrier transport characteristics are the
same for SiGe layers formed on etched substrate surface or
without etching. The hole Hall mobility results at
temperature 300 K also are smaller than that for ideal
lattice at high doping (Fig. 2).

The low-frequency noise measurement results at
various direct current flow directions for samples with low
boron doping (sample No. 1) and with high boron doping
(sample No. 3) are shown in Figs. 10 and 11, respectively.
The relative noise level for sample with higher boron
doping (Fig. 11) is about an order lower than one for the
sample with low boron doping (Fig.10). It may be
explained in such a way: at higher boron doping, if the
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Fig. 9. The hole Hall mobility of boron-doped SiGe layers,
presented in Table 2, dependencies on temperature
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Fig. 10. The noise spectra of SiGe sample No. 1 (with low boron
doping) for various directions of current flow (in all
cases the noise measurements were performed in
transverse direction)
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Fig. 11. The noise spectra of SiGe sample No. 3 (with high boron
doping) for various directions of current flow (in all
cases the noise measurements were performed in
transverse direction)

relative number of defects is the same, the noise level is
lower for higher doped samples due to more effective
screening of defects by mobile charge carriers, i.e. the
Debye’s screening length is smaller at higher charge
carrier density.



INVESTIGATION OF THE SURFACE
ELECTRIC POTENTIAL DISTRIBUTION

In order to get some information on the defect
distribution on the area of the SiGe layers we carried out
the measurements of the surface electric potential
distributions between diagonal contacts of the the sample
without applied electric field, an when electric field is
applied along the measured diagonal, and when electric
field is applied in transverse direction to that diagonal.
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Fig. 12. The surface electric potential @ distribution along the
diagonal 2 — 4, when the bias is applied between
transverse diagonal contacts in opposite directions and
without applied voltage for sample No.3 with high
boron doping
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Fig. 13. The surface electric potential @ distribution along the
diagonal 1 — 3, when the bias is applied along this
diagonal in opposite directions and without applied
voltage for sample No. 3
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Fig. 14. The surface electric potential @ distribution along the

diagonal 2 — 4, when the bias is applied between
transverse diagonal contacts in opposite directions and
without applied voltage for sample No. 5 with low boron
doping
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Fig. 15. The surface electric potential @ distribution along the
diagonal 1 — 3, when the bias is applied along this
diagonal in opposite directions and without applied
voltage for sample No. 5

The measurement results were calibrated according to
the surface electric potential of Au. The surface electric
potential @ distribution measurement results along the
diagonal, when the bias is applied between transverse
diagonal contacts, and when the bias is applied along this
diagonal in opposite directions and without applied voltage
for sample No. 3 with high boron doping are presented in
Figs. 12 and 13. A steep change of the surface electric
potential at the beginning and at the end of curves is
caused by the transition from Al contact to SiGe layer, i.e.
to the different contact potentials of Al film and SiGe
layer. From these results we can see some
nonhomogeneous distribution of the surface electric
potential that may be related with the defects in the SiGe
layer and with some pollution of the investigated surface.

The analogical surface electric potential distribution
results for SiGe sample with lower boron doping are
represented in Figs. 14 and 15. From the measurement
results, presented in Figs. 12 and 14, it is seen that surface
electric potential distribution is more homogeneous for
sample with lower boron doping concentration, i.e. the
sample with high boron doping concentration (about
6-10"° cm™) has more defects. It can be explained by the
fact that boron atom size is larger than one for silicon
atom, and the crystal lattice is more damaged at high boron
doping concentration. In order to compare the low-
frequency noise and the surface electric potential
measurement results one must consider that in the case of
the surface electric potential we measure the static
potential distribution, while the low-frequency noise is
caused by fluctuations in time of potential barrier
parameters: width and height. The fluctuations of the
potential barrier parameters are due to random charge
carrier trapping and emission processes by centres
localized in these potential barriers. At higher free charge
density the fluctuations of the barrier parameters are
reduced due to the Debye’s screening effect [16].

CONCLUSIONS

An attention is paid to the fact that from the Hall-effect
measurements for highly degenerated materials we can
evaluate the Hall mobility, but for evaluation of mobile



charge carrier density one needs to know the effective
density of states at the Fermi level energy. It is shown that
though SiGe layers with higher boron doping concentration
have more defects than ones for lower boron doping, the
low-frequency noise level is lower due to the larger
Debye’s screening effect at higher free charge carrier
density. Thus, the complex investigation of Hall mobility,

low-frequency noise and

surface electric potential

distribution in highly doped SiGe(C) layers gives to one a
powerfull diagnostic tool for quality characterization of
these layers.
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