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Electrical properties of diluted n- and p-Si1−xGex at small x
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Hall effect and conductivity measurements are taken on Si1−xGex of n- and p-type at x ≤ 0.05. Much attention is

given to electrical measurements over a temperature interval of 25 to 40K where the mobility of charged carriers is

strongly affected by alloy scattering. The partial mobility of electrons and holes due to this scattering mechanism is

estimated for n-Si1−xGex and p-Si1−xGex at small x . Together with this, an effect of the presence of Ge atoms upon

the ionization energy of phosphorus and boron impurities is investigated. Some points related to an inhomogeneous

distribution of Ge atoms in Si1−xGex are discussed.

1. Introduction

Besides their technical applications in various fields,

silicon–germanium alloys are of keen interest to scientists,

too, because of their electrical properties. First of all,

the disturbance of the periodic potentials of the host

crystal lattice due to the presence of isoelectronic atoms

of different size is expected to produce remarkable effects

upon the scattering of charge carriers, thus giving rise to

their decreasing mobility. This so-called alloy scattering

introduces an additional scattering mechanism, together

with such well-known scattering mechanisms of charge

carriers due to acoustic and optical phonons, ionized and

neutral centers and so on; see e. g. [1]. The first attempt to

describe the alloy scattering of charge carriers in a direct

band gap semiconductor was made by Brooks assuming

a homogeneous distribution of lattice atoms of two kinds;

see in [1]. In this case the temperature-dependent mobility

appears to be inversely proportional to
√

T . In the

ensuing years the model of alloy scattering was considerably

improved taking into account the complex structures of

the conduction and valence bands in Si and Ge [2–6] as

well as non-uniform distributions of both species [7]. The

improved models make it possible to fit reasonably well

the electron- and hole mobility measured in Si1−xGex alloys

at x ≥ 0.1 at room temperature [8]. At x < 0.1 there are

no reliable experimental data, since the scattering of charge

carriers at T = 300K is mostly defined by acoustic and

optical phonons. Under these conditions it is impossible

to extract any information concerning the alloy scattering.

Electrical measurements on strongly diluted Si1−xGex at

cryogenic temperatures, when the phonon scattering is of

minor importance, should help one to shed light on the alloy

scattering of charge carriers in such materials. The purpose

of the present paper is aimed at bridging the existing gap in

our knowledge.
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2. Experimental

A couple of n- and p-Si1−xGex ingots at x < 0.1 were

grown by the Czochralski technique. Square-shaped sam-

ples doped with phosphorus in concentrations of 1.0 · 1016
to 1.5 · 1016 cm−3 or boron in concentrations of 2.1 · 1016
to 2.8 · 1016 cm−3 were cut for electrical measurements.

Electrical measurements of the concentrations of elec-

trons and holes, n and p, as well as their mobility, µn

and µp, respectively, were taken with the aid of the Van der

Pauw technique over a wide temperature range of T ≈ 25K

to 300K. Curves of n, p(1/T ) were then analyzed by

means of relevant equations of charge balance allowing

one to determine the total concentrations of donor and

acceptor centers, ND and NA; see for instance [9,10]. In

the case of materials of p-type the equation of charge

balance is modified replacing n → p, ND → NA, NA → ND ,

and NC → NV where NC and NV are the effective density-

of-states in the conduction and valence band, respectively.

The degeneracy of the valence band at k = 0 as well as

an increase in the density-of-states effective mass of holes

at T > 70K were taken into account. In this way a

contribution of the third split-off valence band to p(1/T )
was considered, too. In most samples the compensation

ratios of doping impurities, K = NA/ND and K = ND/NA

in n- and p-materials, respectively, were found to be very

small, being less than 2%. The total concentrations of

compensating acceptors in the n-Si1−xGex samples were

estimated as NA < 1 · 1014 cm−3 and the total concentra-

tions of compensating donors in the p-Si1−xGex samples

were less than ND < 2 · 1014 cm−3. It should be noted that

in weakly compensated materials the scattering of charge

carriers by ionized centers doesn’t play a leading part in the

charge carrier mobility over a temperature range of interest,

25 < T < 40K. In this range n, p ≪ ND , NA and the

concentration of ionized centers being equal to Nion = 2NA

and 2ND in n-type and p-type samples, correspondingly,

turned out to be relatively small.
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3. Results and Discussion

As an illustration, two curves of n, p(1/T ) in the

n-Si1−xGex and p-Si1−xGex at x ≈ 0.05 are depicted in

Fig. 1 and Fig. 2. The effective ionization energy of

shallow donors defined from an exponential part of n(1/T )
was found to be ED = (42.0 ± 0.5)meV at x = 0.048,

compared to ED = (43.0± 0.5)meV for the reference

sample without intentional doping with Ge. In the reference

sample the decrease in the ionization energy of shallow

donors, compared to an ionization energy of 45meV in

lightly doped n-Si : P, is certainly caused by the well-known

effect associated with a high doping level of phosphorus

at ND ≈ 1.5 · 1016 cm−3; see for instance [11,12]. This

effect results from a noticeable overlapping of the wave

functions of electrons localized at shallow donor centers.

Therefore, the effect of alloy disorder upon ED at small x
is barely detected by Hall effect measurements. In

actual fact, a considerable decrease in the concentration of

shallow donors down to ∼ 1 · 1015 cm−3 in the n-Si1−xGex ,

even at x = 0.064, leads to ED = (44.0 ± 0.5)meV, thus

showing an importance of the first effect as against the

effect of Ge doping. Of course, infrared spectroscopic

techniques make it possible to provide useful information

on this point. An inhomogeneous broadening of the spectral

lines of substitutional phosphorus and boron in n-Si1−xGex

and p-Si1−xGex , respectively, has been reported in [13,14].
A similar situation is observed in p-Si1−xGex doped

with boron in concentrations about 2 · 1016 cm−3. The

effective ionization energy of shallow acceptors defined

from an exponential part of the p(1/T ) curve in Fig. 2

was found to be EA = (44.0 ± 0.5)meV in the p-Si1−xGex

at x = 0.049, being equal to that for the reference sample

without intentional doping with Ge. Therefore, an effect

of alloy disorder upon EA appears to be even smaller

than that observed in n-Si1−xGex . Again, a considerable

decrease in the concentration of shallow acceptors down

to ≈ 3.4 · 1014 cm−3 in the p-Si1−xGex at x = 0.024 leads

to EA = (45.0 ± 0.5)meV, thus very close to the value

known for lightly doped p-Si : B [11]. This casts doubt

on the data on EA in p-Si1−xGex published earlier [15]
where the authors reported the relation between the

ionization energy of boron and mole fraction of Ge,

EA = (44.4−108x)meV. In accordance with this relation,

the ionization energy should drop to EA = 39meV at

x = 0.049. This is in sharp contrast to the p(1/T )
curve shown in Fig. 2, beyond any possible errors in our

measurements. It should be recalled that a noticeable

discrepancy between Hall effect data and photoconductivity

spectra in p-Si1−xGex was also mentioned in [14].
Several factors may be responsible for such a discrepancy

in electrical data. The density-of-states effective mass of

holes is set constant in the equations of charge balance over

the whole temperature range studied in [15], what is known

to be not the case in p-Si; see [16]. Together with this, the

authors [15] believed that the Ge distribution in p-Si1−xGex

is random at 0 < x < 0.13. They tried approximating a
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Figure 1. Charge carrier concentration versus reciprocal tem-

perature for the n-Si1−xGex at x = 0.048. Points, experimental.

Effective ionization energy of shallow donors is indicated.
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Figure 2. Charge carrier concentration versus reciprocal tem-

perature for the p-Si1−xGex at x = 0.049. Points, experimental.

Effective ionization energy of shallow acceptors is indicated.

relation of EA(x) from small x , despite the scattered data

on EA = (44± 1)meV even for reference samples of p-Si.
In their later paper the authors [14,15] left room for an

inhomogeneous distribution of Ge atoms and alloy fluctua-

tions. In actual fact, studies of EPR lines of substitutional

phosphorus in n-Si1−xGex at 0 < x < 0.057 [17] provided
experimental evidence that the non-uniform Ge distribution
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Figure 3. Charge carrier mobility versus temperature for

the n-Si1−xGex at x < 0.05. Points, experimental: x = 0 (1);
x = 0.008 (2); x = 0.019 (3); x = 0.048 (4).
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Figure 4. Charge carrier mobility versus temperature for

the p-Si1−xGex at x < 0.05. Points, experimental: x = 0 (1);
x = 0.008 (2); x = 0.02 (3); x = 0.049 (4).

starts changing in character at x ≥ 0.024. Therefore, the

relation of EA(x) should be approximated in two intervals

of x . In doing so, the trend towards the decreasing EA(x)
in p-Si1−xGex at larger x > 0.04 [15] may be reliable.

Besides, some remarks concerning the Hall factor in

electrical measurements will be given below.

The mobility of charge carriers in Si1−xGex samples

at x ≤ 0.05 studied in the present work is shown in Fig. 3

and Fig. 4. The charge carrier mobility at low cryogenic

temperatures displays a clearly defined feature characteristic

for the alloy scattering, µn, µp ∝ T−1/2. The higher is the

mole fraction of Ge in Si1−xGex , the more pronounced is

this behavior. At x ≤ 0.05 the temperature range where

the contribution of alloy scattering to the mobility makes

its appearance spans an interval of 25 < T < 40K. The

next question is how this contribution can be extracted

from µ(T ) curves. Generally speaking, a direct way is to

calculate partial contributions to the scattering of charge car-

riers due to acoustic phonons, charged and neutral centers

as well as alloy disorder. The alloy disorder arising from

aperiodic atomic potentials and aperiodic atomic positions

in Si1−xGex is characterized by the alloy scattering potential

1Ealloy used as a mere fitting parameter while comparing

calculated and experimental µ(T ) data. This pathway was

taken in [15] but there are some weak points to be recalled,

together with a fitting parameter 1Ealloy. First of all, the

scattering of charge carriers by ionized centers at very low

cryogenic temperatures should be properly treated by the

partial-wave phase-shift formalism [18,19], for the Conwell-

Weisskopf or Brooks-Herring models [20] based on the

Born approximation cannot provide an accurate description.

Besides, in low-resistivity p-Si1−xGex samples [15] the

scattering of holes due to neutral shallow acceptors being

present in sizeable concentrations about 1.5 · 1016 cm−3 was

not taken into consideration at all, although this scattering

mechanism in moderately doped Si is known to assume

substantial importance [18,19].
Trying to solve this problem in the present work

n-Si1−xGex and p-Si1−xGex samples as well as reference

ones were so selected that they have very similar concentra-

tions of shallow donors or shallow acceptors, respectively.

Along with this, the compensation ratios were very small in

all the samples, as indicated above in Section 2. Then the

partial mobility of charged carriers due to alloy disorder can

be estimated taking into account the experimental µn, µp(T )
curves for the reference n-Si and p-Si over a temperature

interval of 25 < T < 40K. In this way one can circumvent

the difficulties in calculating the combined mobility of

charge carriers due to scattering by acoustic phonons as

well as charged and neutral centers, having very different

power laws of T . The partial mobility of electrons and

holes associated with alloy scattering is displayed in Fig. 5

and Fig. 6. It is seen that the partial mobility of charge

carriers in n-Si1−xGex and p-Si1−xGex at x ≈ 0.02 starts

decreasing at a much lesser rate. It is believed that this

is because of some strong changes in an inhomogeneous

distribution of Ge atoms. This way of reasoning is in

line with [17]. It is interesting to note that at x < 0.02

the partial mobility of holes turned out to be considerably

higher than the mobility of electrons. Based on an atomistic

approach to alloy scattering in Si1−xGex the authors [7]
came to the conclusion that electrons in these solid solutions

are scattered more due to bond variation while holes

are scattered more due to atom variation. It may mean

that in strongly diluted n-Si1−xGex the first factor plays
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Figure 5. Partial mobility of electrons due to alloy scattering at

T ≈ 28K versus mole fraction of Ge atoms x in the n-Si1−xGex

at x < 0.05. The dashed line is shown as the eye guide.
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Figure 6. Partial mobility of holes due to alloy scattering at

T ≈ 28K versus mole fraction of Ge atoms x in the p-Si1−xGex

at x < 0.05. The dashed line is shown as the eye guide.

a leading role in the alloy scattering. Changes in an

inhomogeneous distribution of Ge atoms with increasing x
result in disappearance of this disparity.

Some remarks should be made in the connection with

the Hall factor. Generally, this point should be taken into

consideration for conversion of the charge carrier mobility

determined from Hall effect and conductivity measurements

to the drift mobility. Data obtained for p-Si1−xGex samples

at x ≤ 0.13 allow one to conclude that the Hall factor

at room temperature is close to rH = (0.8± 0.1) and it

doesn’t significantly depend on x [15]. The Hall mobility of

holes at cryogenic temperatures 25 ≤ T < 40K increases

considerably, at least by an order-of-magnitude as compared

to that observed at room temperature. As a result, the Hall

factor should also increase, being close to unity. Because of

this it was set rH = 1 at cryogenic temperatures [15], so we

also do for n-Si1−xGex and p-Si1−xGex samples at x ≤ 0.05

in the present work. A possible weak dependence of rH(T )
shouldn’t produced any pronounced effect upon n, p(1/T )
curves, since the concentration of charge carriers increases

by several orders-of-magnitude over the temperature interval

indicated above; see Fig. 1 and Fig. 2.

4. Conclusion

Electrical measurements were taken on n-Si1−xGex and

p-Si1−xGex at x ≤ 0.05 as well reference samples of n-Si
and p-Si. An effect of the presence of Ge atoms upon the

ionization energy of substitutional phosphorus and boron

was found to be weak. There is experimental evidence that

the Ge distribution in SiGe solid solutions is inhomogeneous

and not totally random, as often suggested in earlier papers.

Moreover, an inhomogeneous distribution starts changing

at x > 0.024. This characteristic feature also makes its

appearance in the alloy scattering of charge carriers. The

partial mobility of electrons and holes due to the alloy

scattering in n-Si1−xGex and p-Si1−xGex at x ≤ 0.05,

respectively, has been estimated.
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