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The paper presents an analysis of impact of charge carriers transport mechanisms on
the thermoelectric properties of Si—-Ge submicron whiskers. Based on the resistance tem-
perature dependences the value of activation energy for conduction submicron designs was
estimated and compared with the ones for micron-scale crystals. It is shown that the
activation energy of ground state €; of boron impurity for the Si—-Ge whiskers with a
diameter of 200 nm is 29.6 meV, which is typical for the bulk materials, whereas &, was
3.2 meV. It is suggested that the unusual high value of ¢, caused by inhomogeneous stress
at the interface between the core and nanoporous shell of the submicron whisker due to
their lattice mismatch. This effect can be used to create gauges with a thermoelectric
principle of operation for cryogenic temperatures.

Keywords: Si—Ge submicron whiskers, create gauges, cryogenic temperatures.

IIpencTaBien amanaus3 BAUAHUSA MeXaHU3MOB IlepeHOca HocUTejell 3apsaga Ha TePMODJIEKT-
puUecKle XapaKTEepPUCTUKU CYOMHUKPOHHLIX HUTeBUAHBLIX Kpuctamios (HK) Si-Ge. Ha ocno-
Be MOCTPOEHHBLIX TEeMIIEePATYPHBIX 3aBUCUMOCTEH COMPOTUBJIEHUS OIleHEeHO 3HaueH’e SHepruu
AKTUBAIIMY TPOBOAMMOCTU AJAA CYOMUKPOHHBIX OOpasIoB M IPOBEIeHO UX CpaBHEHWEe ¢
KPUCTAIIaMHA MUKPOHHOTO MacmiTaba. Ilokasamno, UTo oHePIUA AKTUBAIMM IPOBOAMMOCTH €;
OCHOBHOTO COCTOfiHWMS mpumecu Gopa aas obpasmos HEK Si—Ge ¢ guamerpom 200 mm paBHa
29.6 MoB, uTo XapaKTepHO AJd OOLEMHLIX MaTepuajoB, TOTAAa KaK €y cocTaBuaa 3.2 mMaB.
Croenano mpeAmoyoskeHHe, UTO HETUINYHO BLICOKOE 3HaueHHe €, BBIZBAHO HEOJHOPOAHBIM
HAOpAKeHNEeM Ha IpaHulle MeXXAy SApOM M HaHOIopucToil 00o0sioukoil cyOmuxpornHoro HEK
BCJI€ICTBHE HECOM3MEPUMOCTH MX IIapaMeTPOB KpHCTANIU4YecKoll permreTku. [laHubiil addexT
MOJKHO HCIIOJb30BATH [JJIA CO3JAHUSA CEHCOPOB C TEPMODIEKTPUUCCKUM [IPUHITUIIOM AEHCTBHS
IJIA KPUOTeHHBIX TEeMIIEPATYD.

OcoGaUBROCTI mepeHeceHHS HOCITB 3apsay B CyOMIKpOHHHX HHUTKOTOZIOHHX KpHCTaJdax
Si—-Ge. A.0[pyxucunin, O.II.-Jonrezornenro, I.II.Ocmposcvruii, F0.M.Xosepro, C.I.Hiurkano,
IO.P.Koeym.

IlpeacraBieHo aHaJ/isa BILIMBY MeXaHiI3MiB IIlepeHeCeHHS HOCIIB 3apAgy HAa TepMOEJIeKT-
puuHi XapakTepucTukmu cyOMiKpoHHMX HuTKomoxibmmx kpumcranis (HE) Si—-Ge. Ha ocnosi
no0yIoBaHNX TEMIEPATYPHUX 3AJIEKHOCTEH OIIOPY OIliHeHO 3HauyeHHS eHeprii akrusaiii mpo-
BigHOCTi miud cyOMIKpPOHHHX 3PasKiB Ta IpPOBeAeHO iX MOPiBHAHHSA 3 KPHCTAJAMU MiKPOHHOTO
macmraby. Ilokasano, oo eHepris akTuBanii IPOBIHOCTI €; OCHOBHOrO CTaHy AOMIIIKH GOpY
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mia spaskis HEK Si-Ge 3 giamerpom 200 mm gmopismioe 29.6 meB, mo xapakTepHo I
00’eMHIX MaTepiasliB, HATOMICThL €, cTaHoBUIa 3.2 MeB. 3pobieHo MPUNYIeHHA, 110 HETH-
TTOBO BUCOKE 3HAYEHHA £, CIPUUYMHEHO HEeOJHOPITHUM HANPYKeHHAM Ha MexKi Mix agpoMm i
HAHOIIOPHUCTOI 000J0HKOI0 cyOMikponrnoro HE BHacaigok mecymipHocTi ix mapamerpis Kpuc-
Tajiuaol rparku. JaHuil epeKT MOKHA BUKOPUCTATU IJA CTBOPEHHS CEHCOPIB 8 TePMOEJIEKT-
PUYHUM OPUHIIANOM Ail AJd KPiOreHHMX TeMmeparyp.

1. Introduction

Thanks to their unique physical and me-
chanical properties, the structurally perfect
Si and Si—Ge whiskers have long proven to
be a good material for making gauges of
physical parameters (temperature, pres-
sure, strain, magnetic field, etc.) [1]. How-
ever, with decreasing lateral dimensions of
whiskers to submicron scale the quantum
size effects are observed, which change the
energy spectrum of charge carriers, pho-
nons and their interaction, and can be as
useful as undesirable in terms of functional-
ity. Changes also occur under the influence
of external factors: strain, magnetic field,
low temperatures and so on. Furthermore,
in terms of thermometric properties, the
authors of [2, 3] conducted a deep study of
charge carrier transport mechanisms in
complex thermoelectric materials, including
bulk Si—-Ge, and analyzed its effect on ther-
moelectric properties of the material, in-
cluding thermopower and thermal conduc-
tivity. To use Si—Ge solid solution whiskers
as sensitive elements of temperature sensors
with thermoelectric principle of action, it is
important to study and control the phonon
drag effect, which makes a significant con-
tribution to the thermopower [4—-8]. In par-
ticular, in [8] it was shown that phonon
drag effect strongly depends on the sign
and the value of uniaxial strain applied to
whisker. However, in submicron whiskers it
should be taken into account the harmonic
phonon scattering (at grain boundaries and
crystal lattice defects), and scattering
caused by anharmonic interactions between
phonons, for example, due to non-uniform
three-dimensional stress. The both types of
scattering lead to changes in the interaction
of electron and phonon subsystems of the
crystal and the processes of heat transfer
and charge carriers transport in it [2]. Sub-
micron Si and Si-Ge whiskers represent a
so-called "core-shell” structure consisting of
crystalline core and nanoporous shell, the
lattice parameter and elemental composition
of which differs from the crystalline core
[9, 10]. And as it was shown in [11, 12] the
presence of the nanoporous shell affects the
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magnetic susceptibility and magnetoresis-
tance of Si—Ge whiskers.

The aim of this paper was to analyze the
effect of charge carriers transport mecha-
nisms on thermoelectric properties of sub-
micron Si-Ge whiskers what could be used
to predict the output parameters of sensors
of thermal quantities.

2. Experimental

The submicron Si—-Ge whiskers were
grown by chemical vapor deposition (CVD)
in closed bromide system and in situ doped
with boron to concentrations corresponding
the room temperature resistivity of pgoox =
0.01 Q-cm. Examined by electron micro-
probe analysis the content of Ge in whiskers
amounts to 3 at. %.

Scanning electron microscopy (SEM,
JEOL JSM-6490LV) investigation of the
whiskers revealed the growth of randomly
distributed Si-Ge submicron wires with an
average thickness of 200 nm (Fig. 1).
HRTEM studies of the Si-Ge submicron
whiskers and nanowires have shown the for-
mation of natural heterostructure in them
consisting of single-crystalline core and
nanoporous shell, i.e. "core-shell” structure
(Fig. 2).

The ohmic electrical contacts to 200 nm
thick Si-Ge whiskers were made by pre-
viously developed method with using a com-
posite on the basis of In-Ga featuring the
high electrical conductivity in temperature
range of (4.2-300) K [13].

The low temperature measurements of
electrical conductivity and thermopower of
the Si—Ge whiskers have been carried out

Fig. 1. SEM image of CVD grown Si-Ge
whiskers.
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25nm

Fig. 2. SEM image of single Si-Ge whisker
(d = 200 nm).

using method described in [7, 14]. The sta-
bilized electrical current via the crystals
was generated by a Keithley 224 in a range
of 1 to 100 pA depending on the crystal’s
resistance. The output voltage signal was
measured by Keithley 199 and Keithley
2000 digital multimeters.

3. Results and discussion

An exemplary temperature dependence of
submicron Si—-Ge whiskers’ resistance in the
range of 4.2-300 K is depicted in Fig. 3. As
it could be seen the resistance of the whisk-
ers depends almost linearly on temperature
in (4.2-77) K range and sharply decreases
inferring the semiconductor behavior of the
crystal. At temperatures of (100-120) K
the onset of metallic-like conductivity has
been observed, which is consistent with the
heavily doped semiconductors’ behavior.

As it is well known in general the con-
ductivity of a semiconductor can be de-
scribed as a sum [15, 16]:

> (1)
c= chi - exp(e;/ kT),
i=1

where 6; — the temperature independent co-
efficients, ¢; — denominate the activation
energies inherent for different conductivity

R, Ohm

104....|....|....|....|....|....|.
0 50 100 150 200 250 300
T,K

Fig. 3. Typical temperature dependence of re-
sistance of Si-Ge (d =200 nm, pPgoox =
0.01 Q-cm).

mechanisms at various temperatures. A
kink of R(T) curve of the submicron Si—Ge
whiskers at T = 25 K implies the activation
of 05 conductance via the delocalized states
of impurity band in non-compensated semi-
conductor heavily doped to the impurity
concentrations in the immediate vicinity to
metal-insulator transition (MIT).

In order to analyze the charge carriers
transport mechanism in the Si—-Ge whiskers
we have calculated the corresponding acti-
vation energies of conductivity in the boron
doped Si-Ge submicron whiskers and com-
pared them to the micron scale ones (see
Table).

The calculation results showed that the
activation energy &; of the boron impurity
ground state in the heavily doped 200 nm
thick Si-Ge whiskers is less than that of
typical values for the bulk-like 20 um thick
Si—Ge samples (49 meV) and amounts to
29.6 meV. At the same time, the value of
activation energy ey amounts to 3.2 meV
what is not typical value for the whiskers
with this doping level.

The revealed changes in activation en-
ergy of 200 nm Si-Ge whiskers cannot be

Table. Activation energies ¢; for Si—-Ge whiskers with various resistivities

Diameter of whisker P300K> Ohm-cm g, meV gy, meV
200 nm 0.01 29.6 3.2
20 um 0.012 - 1.35
20 pm 0.018 - 1.6
20 um 0.02 49.0 1.6
20 pm 0.025 - 3.6
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explained by the quantum size effects, since
ascertained impurity activation energy (¢; =
29.6 meV) corresponds to the value of the
bulk samples. Instead, the effect can be ex-
plained in terms of the influence of stress
accumulated in the submicron whiskers. The
latter consistent with hypotheses which
have been put forward in [17], here the
authors have shown that in boron doped
silicon with impurity concentration in the
vicinity to MIT the applied strain leads to a
so called effect of "deformational charge
carriers freezing”. In other words, the
strain is a significant factor in the conduc-
tivity region o5, which leads to its reduc-
tion what naturally explains the increasing
of €, value. For the micron scale whiskers
the increasing of €5 value usually is ex-
plained by tensile nature of the stress, so
we assume that the uncharacteristically
high value of &5 in the submicron Si-Ge
whiskers is related to the effects arising at
the core-shell interface of the crystal. In
particular, due to the lattice mismatch be-
tween the core and nanoporous shell the
elastic strain is accumulated at the inter-
face where the core undergoes partial ten-
sile stress, which subsequently contributes
to electrical conductivity of the submicron
Si—Ge whiskers.

The further study of submicron Si—-Ge
whiskers electrophysical properties com-
prised the investigation and analysis of
thermoelectromotive force in them. The
analysis of size-dependent effects on ther-
mopower of the whiskers considering the
phonon scattering and phonon drag of
charge carriers were grounded on the theo-
retical analysis based on calculations of col-
lision integrals value according to the pro-
cedure described in [18].

The differential thermal e.m.f. (a) of
semiconductor with one type of charge car-
riers is defined as:

K Q" F )

=+ —_— = = —
where the sign coincides with the sign of
charge carrier, 1 — a reduced Fermi en-

ergy, B — stands for Boltzmann constant, T
— an absolute temperature and RF is a
transfer energy:

3
Q" = kT(r + z)—F}+£). ®

The value r is determined by a charge car-
rier scattering mechanism. At temperatures
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higher than Debye temperature (0p)r=1.

Then:
_k F1(m) (4)
o=F E{(r + 2)71"}(11) - n},

where F,, ;(n) and F,(n) are the Fermi inte-
grals of r degree. In case of 1> -1 the
Fermi integrals are equal to:

2 n2 _ 2
Fi,9= g(n3/2 +gn 1/2)\/? (5)
1 n2
Fi=5m*+3), (6)

1 1
Fqy = g(ng + TEzT])E. (7

But within the interval —1 > 1 > —oo for in-
tegral Fy,9 it is correct to approximate the

next:
F]/Z — (@ . exﬂn). (8)

If scattering is determined by only one
mechanism, then:

_k [5 Ny (9)
oc—e-[2+p+1nn}

where p is the exponent of the energy de-
pendence for the carrier relaxation time, n
— charge carriers concentration of the sam-
ple, Ny — denominates the density of states
in valence band. Then, it is possible to de-
scribe the dependence of F;,, on absolute
thermopower o and knowing F1/2 to obtain
the charge carriers concentrations:

0= %NV' Fy,. (10)

According to the electroneutrality condi-
tion for extrinsic semiconductor, the con-
centration of holes dependent on tempera-
ture is described as:

2

E
n(T) = HB : NV(T)exp(k—;,) + Nd) : i +

/2
+B-NW(T) - N, - exp(k—;,):| -
- l(B - Ny(T) - exp(&) + N J

2 kT " AP
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Ny(T) = (11)
3/2
- 3 T , 1
=25 101 m”2 ’[300) Lt 5 oy OOLY
( + 5 - exp( %T ))

where P is the degree of degeneracy of
boron acceptor level (1/2).

Within the region of mixed scattering at
high doping level the carriers scattering
mechanism is described with the value r = 1.
In case of scattering on acoustic phonons r
= -1/2, and on ionized impurities r = 3/2.
Interaction of carriers with phonons is de-
termined by the collision integral: Sep = Sepe
+ 8,,f. The integral S,,° describes collision
with equilibrium phonons, whereas Sepl’ con-
siders the nonequilibrium phonons, and it is
critical for drag of carriers by phonons. The
holes scattering by phonons turns ther-
mopower to oo ~ T-2:3. At low temperatures,
o is proportional to the specific heat capac-
ity per volume unit. Since the specific heat
capacity is proportional to T3 at T <<0p,
the thermopower o(T) is also proportional to
T3. Thus, the collision integral can be de-
fined as:

(12)

l
SQP:E

+g-T3+h-T232

The contribution of phonon drag effect
into thermal e.m.f. should contain the pa-
rameter [/d, where d is the crystal lateral
dimension and [ is carriers mean free path.
At very low temperatures phonon scattering
on crystal boundaries limits the drag effect.
On the other hand, at the subsurface re-
gions of crystal there are gradients of non-
equilibrium carrier concentrations that col-
lapse to the bulk ones at the distances of
the order of diffusion length, which from
the viewpoint of phonon drag effect should
be treated as concentration decompensation.
The phonon-phonon scattering also de-
creases the drag effect. That’s why the pho-
non drag effect is negligibly small at the
room temperatures and is weakly mani-
fested at thermopower measuring, whereas
at the low temperatures the thermopower
reduces with decreasing of the crystal’s di-
ameter.

Using the equation of electroneutrality
(11) the impact of phonon drag effect and
phonon scattering in thermoelectric power
of bulk p—-Si-Ge compared with p—Si—-Ge
submicron whiskers was calculated.

The collision integral was calculated by
selecting the coefficients in expression (12)
in such manner that the determined values
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Fig. 4. Temperature dependences of thermo-
electric power of bulk p—Si—-Ge taken from [15]
(1) and with account of phonon drag effect and
phonon scattering (2); o ~ T-2-32 (3).

of the Fermi integral of degree 1/2 from its
functional dependence on thermopower
(Fl/z(oc)) allows to reliably determine the
holes concentration. The values of coeffi-
cients: I/d =0.17; g=11038; h=3.7103
and the collision integral are dimensionless.
The impact of collision integral on the ex-
perimentally determined thermopower is
presented in Fig. 4.

After being certified in reliability of the
function Fy 9(0), and after determining the
coefficients in collision integral (I/d = 0.21;
g=3.510"8; K =6.5103, using equation
(11) the holes concentration of p—-Si-Ge
wires was calculated and the influence of
collision integral on experimentally meas-
ured thermopower is shown in Fig. 5. The
calculated holes concentration amounted to
51018 em™3. As it is obvious, the coeffi-
cients of collision integral for the Si-Ge
submicron wires, in comparison with the
bulk ones, have increased. The increase of g
for the Si—Ge whiskers testifies that pho-
nons transfer high energy to charge carri-
ers, and thus the phonon drag effect is
strengthened, while the increase of 2 coeffi-
cient indicates the decrease of the carriers
scattering by phonons. Probably the in-
creased phonon drag effect in the submicron
p—Si—-Ge whiskers is due to the core-shell
interface tensile stress accumulated. As it
has been shown in [7, 14] tensile strain sig-
nificantly affects the thermopower, in par-
ticular, the phonon drag effect is increased
and the maximum of o(T) curve shifts to-
wards higher temperatures. The latter is
confirmed in our experiments by compari-
son of the temperature dependence of ther-

31



AA.Druzhinin et al. / Peculiarities of charge carriers ...

10000

X
S
=1
o
w
2
(]
g ° 1
Td ° *e0e
& 1000} . M.
L] L ]
% o= e 2
8 «*® escceqer o
[ ]

E L4 3
u .
'_

100 .

10 100 TK 1000

Fig. 5. Temperature dependences of thermo-
electric power of p-Si-Ge whisker (d =
200 nm): I — experiment; 2 — with account
of phonon drag effect and phonon scattering;
3 — a~T232

mopower of the submicron p—Si—-Ge whisk-
ers with the previously reported results for
the micron size Si—-Ge whiskers studied pre-
viously [7] (Fig. 6).

The results obtained can be used to im-
prove the thermopower of p—Si—Ge whiskers
via controlling the size of the submicron
whisker’s core and shell in growth process.
From the practical standpoint based on this
effect the sensor of temperature and tem-
perature difference gcould be developed,
where the thermoresistive branch is used to
measure temperature and the thermoelectric
branch — the temperature difference. From
the fundamental point of view the described
effect is consistent with current physical no-
tions about improving the thermoelectric fig-
ure of merit in the low-dimensional materials.

4. Conclusions

When developing gauges of physical pa-
rameters based on whiskers, especially for
cryogenic temperatures, it is necessary to
consider the influence of various factors on
their electrical properties that determine
the output parameters and the working
range of the devices. In particular, studies
have shown that the structure peculiarities
of submicron Si—-Ge whiskers significantly
affect the mechanisms of charge carriers
transport in them. Thus, the determined
value of conductivity activation energy ¢, in
the Si—Ge whiskers with an average diame-
ter of 200 nm is uncharacteristically high
in comparison with micron scale whiskers
and identical doping level. On the other
hand, theoretical calculations indicate on
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Fig. 6. Temperature dependences of thermo-
electric power of Si—Ge single whisker: 1 — free
p—Si-Ge  whisker (d =20 um, pPgoox =
0.02 Q-cm), taken from [7]; 2 — p-Si-Ge
whisker on quartz substrate (d = 20 um,
Psoox = 0-02 Q-cm), taken from [7]; 3 — p—Si-Ge
whisker (d = 200 nm, pggog = 0.01 L2-cm).

the decreasing of phonon scattering by
charge carriers and increasing of phonon
drag effect in these crystals. Both observa-
tions denote the suppression of charge car-
riers transport in the submicron Si—-Ge
whiskers, what explains the uncharacteristi-
cally high values of conductivity activation
energy €,. Probable reason for this is the
presence of stress at the core-shell inter-
face of such "core-shell” structure which is
inherent to the submicron whiskers. How-
ever, to confirm or deny assumptions it is
necessary to carry out several studies of
whiskers with different cross size and dop-
ing concentrations. Low-temperature Hall
measurement and studies of thermal con-
ductivity will allow better explain the scat-
tering mechanisms in the submicron whisk-
ers and assess their possible applications in
gauges of physical parameters.
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