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The effective g-factor of 2D holes in modulation doped p-SiGe/Ge/SiGe structures was studied.

The AC conductivity of samples with hole densities from 3.9� 1011 to 6.2� 1011 cm�2 was

measured in perpendicular magnetic fields up to 8 T using a contactless acoustic method. From the

analysis of the temperature dependence of conductivity oscillations, the g?-factor of each sample

was determined. The g?-factor was found to be decreasing approximately linearly with hole

density. This effect is attributed to the non-parabolicity of the valence band. Published by AIP
Publishing. https://doi.org/10.1063/1.5025413

I. INTRODUCTION

Over the last few years, modulation doped SiGe/Ge/

SiGe structures with a 2D hole gas have constantly been a

subject of interest, due to their high hole mobilities and epi-

taxial compatibility with Si. Recently, homogenous samples

with hole mobility high enough to observe the integer and

even the fractional quantum Hall effect have become

available.1,2

In such structures, the lattice constant mismatch

between SiGe and Ge leads to compressive strain in the Ge

quantum well. This strain lifts the degeneracy of the heavy

hole and light hole subbands in the C-point. In the relevant

case of compressive strain, the heavy hole subband lies

higher in energy, which gives the opportunity to investigate

the properties of only heavy holes. The subbands interact

with each other, however, and this interaction gives rise to

valence band non-parabolicity. It can manifest itself through

hole density dependencies of effective mass and g-factor.

The former has been studied extensively.3,4

Because of the large g-factor of bulk Ge (g¼ 20.4),

the g?-factor of 2D holes in Ge quantum wells is also

expected to be large and to depend on the hole density

due to valence band non-parabolicity. However, until

very recently, only a few values of the g?-factor in SiGe/

Ge/SiGe structures have been present in literature.1,5–7

The first investigation of the g?-factor dependence on

hole density was published in 2017.8 Its authors studied

the g?-factor of 2D holes in a heterostructure field-effect

transistor with low hole densities from 1.4� 1010 to

1.3� 1011 cm�2. The aim of the present work is to con-

tinue the investigation of the g?-factor in the region of

higher hole densities.

II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Samples

We have studied modulation-doped single p-SixGe1�x/

Ge/SixGe1�x quantum wells with hole densities from

3.9� 1011 to 6.2� 1011 cm�2. They had all been grown on

Si(001) substrates using low-energy plasma-enhanced chem-

ical vapor deposition (LEPECVD).9 Symmetrically and

asymmetrically doped samples have both been studied. A

summary of the samples is presented in Table I.

B. Method

We used the contactless acoustic method10,11 to deter-

mine the complex AC conductance of the 2D hole gas, r
¼ r1 � ir2. In the present work, however, we were generally

focused on the real part, r1, of the complex conductance.

A schematic of the experiment setup is shown in Fig. 1.

The samples are mounted onto a LiNbO3 piezoelectric crys-

tal with a pair of interdigital transducers (IDTs), which

induce a surface acoustic wave (SAW) on the crystal surface.

A SAW-induced AC electric field penetrates the sample and

interacts with charge carriers (holes). As a result, the SAW

TABLE I. Summary of the samples.

Sample Hole density QW width x Doping layers

(cm�2) (nm)

7989-2 3:9� 1011 13 0.3 At each side

6745-3 4:5� 1011 15 0.3 Single-sided

8005 4:5� 1011 13 0.3 At each side

6745-2 4:9� 1011 15 0.3 Single-sided

6777-2 5:2� 1011 15 0.3 Single-sided

K6016 6:0� 1011 20 0.4 Single-sided

7974-2 6:2� 1011 13 0.3 At each side
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attenuation C and velocity v both acquire additional contri-

butions, which can be related to the complex conductance r
with the following formulas:12

C ¼ 8:68q
K2

2
A

R1

R2
1 þ R2 þ 1½ �2

;
dB

cm
;

Dv

v0

¼ K2

2
A

R2 þ 1½ �
R2

1 þ R2 þ 1½ �2
;

Ri ¼
4ptðqÞ
eSv0

ri; i ¼ 1; 2;

A ¼ 8bðqÞ e1 þ e0½ �e2
0eS exp �2qðaþ dÞð Þ; (1)

where K2 is the electromechanical coupling constant for

LiNbO3; q and v0 are the SAW wave vector and velocity in

LiNbO3, respectively; a is the vacuum gap between the

LiNbO3 crystal and the sample; d is the distance between the

sample surface and the QW layer; e1; e0, and es are the

dielectric constants of LiNbO3, of vacuum, and of the semi-

conductor, respectively; and b and t—are complex functions

of q, a, d, e0; e1, and es.

Measurements of the SAW attenuation C and velocity v
have been performed in magnetic fields up to 8 T perpendic-

ular to the QW plane and at temperatures from 1.7 to 4.2 K.

Figure 2 shows C and v plotted as functions of magnetic

field. Both curves demonstrate oscillations. The real part r1

of the complex conductance was then obtained from these

measurements by solving Eq. (1). Figure 3 shows the con-

ductance r1 of sample 6777–2 calculated in this way, as a

function of magnetic field at different temperatures. The

curves demonstrate Shubnikov–de Haas oscillations, which

evolve into the characteristic oscillations of the integer quan-

tum Hall effect regime in stronger fields. The same picture

has been observed with all samples.

C. Determination of g-factor

The analysis of the temperature dependence of the con-

ductance at the minima of the oscillations allows us to deter-

mine the g?-factor using the following procedure. We have

found that at each oscillation minimum, there is a tempera-

ture range where the conductance is characterized by a con-

stant activation energy D,

r1 � exp � D
2kT

� �
: (2)

We have then determined D for each minimum by perform-

ing linear fitting of the dependence of lnr1 on T�1.

On the other hand, one can write down expressions for

activation energy considering the Landau level structure at

the minima of oscillations, where the Fermi level is halfway

between adjacent Landau levels. Even and odd filling factors

correspond to orbital and spin splitting of Landau levels,

respectively, as is shown in Fig. 4. Taking the Landau level

FIG. 1. A schematic of the experimental setup.

FIG. 2. Dependence of the surface acoustic wave attenuation (a) and veloc-

ity (b) for the sample 6777-2 on the magnetic field; f ¼ 30 MHz; T ¼ 1:8 K.

FIG. 3. Dependence of the real part of AC conductance of sample 6777-2 on

the magnetic field at different temperatures: 1–1:8 K, 2–2:1 K, 3–2:7 K,

4–3:2 K, 5–3:7 K, and 6–4:2 K; f ¼ 30 MHz. � is the filling factor.

FIG. 4. Landau level structure at an oscillation minimum. � is the filling fac-

tor. The hatched areas denote the Landau level broadening CB.
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broadening CB into account as CB ¼ C
ffiffiffi
B
p

(Ref. 13), one can

express activation energies for even and odd filling factors as

Dodd ¼ g?l0B� CB; (3)

Deven ¼ �hxc � g?l0B� CB; (4)

where �hxc is the cyclotron energy and l0 is the Bohr magne-

ton. Equations (3) and (4) are then solved for g? and C for

each ðDeven;DoddÞ pair.

Table II shows the values obtained for sample 6777–2.

On can see from the table that the g?-factor does not depend

on the magnetic field within our experimental error (esti-

mated as 10%–15%).

Using the procedure described above, we have obtained

the values of g?-factor for every sample; the results are listed

in Table III. It is worth mentioning that the effective mass

dependence on the hole density has been neglected in our

calculations, and a constant value of m*¼ 0.1m0, where m0

is the free electron mass, has been taken instead. This

approximation is valid because the effective mass changes

only by 15% within the range of carrier densities studied in

the present work.4

D. Discussion

Figure 5 summarizes the results of several studies of the

g?-factor value in SiGe/Ge/SiGe structures, including those

of the present work. We attribute the decrease in the g?-fac-

tor to valence band non-parabolicity, which is due to the

mixing of HH and LH states away from the zone center. At

the center of the valence band, the g?-factor of 2D holes

should be approximately equal to the g-factor of heavy holes

in bulk Ge (g¼ 20.4). With growing hole density, the g?-

factor is expected to decrease from the band-center value.

The reason is that in the presence of the non-zero

momentum component pk along the QW plane, the hole state

is no longer the pure heavy hole state j6 3
2
i but contains an

admixture of the light hole state j6 1
2
i. The degree of this

admixture is roughly proportional to p2
k, which, at the Fermi

level, is proportional to the hole density. Thus, the g?-factor

becomes a combination of the g?-factors of heavy and light

holes, taken with weights which are proportional to fractions

of heavy and light holes in the observed state.14 The result of

a calculation14 based on the 4� 4 k � p Hamiltonian in the

infinite well approximation is shown with the blue dashed

line in Fig. 5. As is seen from the figure, this theoretical

curve fails to describe the experimental results.

Several numerical calculations that were based on a

more rigorous model with the 6� 6 k�p Hamiltonian have

been made to explain the density dependence of the effective

mass.4,15 In these studies, along with the split-off (SO) band,

self-consistent potential profiles and the effects of strain due

to the lattice mismatch between Ge and SiGe were also taken

into account. The results of these computations show good

agreement with the experimental dependence of the effective

mass on density. The structures studied in Ref. 4 have almost

the same parameters as those investigated in the present

work, so we used the results of calculations from Ref. 4 to

interpret the g?-factor dependence on density as follows.

As the density dependencies of both effective mass and

g?-factor of heavy holes have the same microscopic nature,

they can be related to each other as follows:16

jg?j ¼ 2 �3Kþ ðc1 þ c2Þ �
m0

m�

� �����
����; (5)

where m0 is the free electron mass, c1¼ 13.38, c2¼ 4.26, and

K ¼ 3:41 are the Luttinger parameters of Ge.17 The depen-

dence of the g?-factor on density was evaluated from the

theoretical dependence of the effective mass on density4 by

means of formula (5). The result is shown with the solid line

in Fig. 5. As is seen, it describes the experimental data with

good agreement. Thus, the observed experimental g?-factor

TABLE II. Values of the effective g?-factor and the Landau level broaden-

ing factor C, calculated for different pairs of conductance oscillation minima

(sample 6777-2).

�odd �even g? C (meV/T1/2)

3 6 8.5 0.8

3 8 8.5 0.8

3 10 8.3 0.8

3 12 8.4 0.8

5 6 8.4 0.8

5 8 8.4 0.8

5 10 8.2 0.8

5 12 8.2 0.8

TABLE III. Values of the effective g?-factor obtained for different samples.

Sample Hole density (cm�2) g?-factor

7989-2 3.9 � 1011 10 6 2

6745-3 4.5 � 1011 9.0 6 1.4

8005 4.5 � 1011 8.9 6 1.5

6745-2 4.9 � 1011 8.9 6 1.4

6777-2 5.2 � 1011 8.4 6 1.3

K6016 6.0 � 1011 6.9 6 1.1

7974-2 6.2 � 1011 7.3 6 1.2

FIG. 5. Density dependence of the g?-factor: (�)—g-factor of bulk Ge;

(�)—Ref. 1, the Landau level broadening is neglected; (�)—Refs. 5 and 6;

(�)—Ref. 7; (�)—Ref. 8; and (�)—the present work. The dashed line

shows the result of theoretical calculations based on the 4� 4 k � p model.14

The solid line shows the g?-factor evaluated with formula (5) from the theo-

retical computation of the effective mass in the 6� 6 k � p model.4
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dependence on density can be attributed to the interaction

between HH, LH, and SO subbands, as affected by the strain

present in the quantum well.

III. CONCLUSIONS

We have performed contactless conductance measure-

ments on the 2D hole gas in p-SiGe/Ge/SiGe structures by

means of acoustic spectroscopy, and determined the effective

g?-factor. It was found that the g?-factor depends approxi-

mately linearly on the hole density, but is independent of the

magnetic field, the Si content x in the spacer layers, and

the character of the modulation doping (see Table I). The

observed change is attributed to valence band non-

parabolicity.
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