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High two-dimensional hole gas (2DHG) mobility (l2DHG > 10000 cm2=Vs at T < 100 K) strained

Ge/Si1�xGex structures with x ¼ 0:5 and 0.65 were fabricated, and temperature dependence of their

2DHG mobility was obtained experimentally by the mobility spectrum analysis of the conductivity

under magnetic fields. The theoretically calculated 2DHG mobility was compared to experimental

data to determine the effective deformation potentials for scattering by acoustic and optical

phonons. Using empirically confirmed parameters, the upper theoretical limit of room temperature

2DHG mobility l2DHG in strained Ge as a function of strain was calculated. The possibility to

achieve l2DHG > 5000 cm2=Vs at room temperature is presented. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4723690]

Two-dimensional hole gas (2DHG) formed in a strained

Ge layer grown on a SixGe1�x virtual substrate has high

2DHG hole mobility l2DHG because of the reduction in the

effective hole mass and suppression of the interband scatter-

ing thanks to strain modification of the valence band struc-

ture. Up to now, 3100 cm2/Vs is the highest mobility

reported for room temperature.1 Although this hole mobility

is about 150% and 700% higher than those in bulk Ge and

Si, respectively, the theoretical limit of l2DHG in the Ge/

Si1�xGex heterostructure has not been established due to the

experimental challenge of measuring purely the 2DHG mo-

bility and theoretical challenge of modeling it with the ani-

sotropy and nonparabolicity of the valence band included

appropriately. Indeed, a previously reported determination of

the “2DHG mobility” had employed a simple Hall measure-

ment detecting not purely the mobility of the 2DHG but also

of the modulation-doped layer, i.e., the resulting mobility

was given as the average of the two.2 Therefore, their results

for the room temperature 2DHG mobility were only an

approximation. The previous calculations were also approxi-

mations based on simple parabolic subband structures.2–4 In

this study, we obtain pure 2DHG mobility by measuring the

magnetic field dependence of Ge/Si1�xGex heterostructures

and its analysis by maximum entropy mobility spectrum

analysis (MEMSA).5 Moreover, we theoretically reproduce

the experimental 2DHG mobility based on subband struc-

tures obtained with the six-band k�p method including the

anisotropy and nonparabolicity of the valence band. With

such a combination of rigorous experimental and theoretical

methods, we establish parameters for phonon and interface

roughness scattering and demonstrate theoretically the upper

limit of 2DHG mobility in Ge/Si1�xGex heterostructures.

Three p-type modulation doped Ge/SiGe heterostruc-

tures shown in Fig. 1 were employed in this work. Two of

them were grown by solid source molecular beam epitaxy

(SS-MBE) on n-type Si(001) substrates. Strain-relaxed

Si0.5Ge0.5/Si0.75Ge0.25/Si(001) buffer layers were grown by

using two-step low-temperature-buffer technique,6 and the

roughness of the buffer layers was removed by chemical me-

chanical polishing.7,8 Then a 50 nm Si0.5Ge0.5 layer, a 10 nm

boron-doped layer, a 10 nm spacer layer, a Ge channel, a

30 nm Si0.5Ge0.5 layer, and a 3 nm Si cap layer were grown

successively. The channel thickness and boron concentration

of sample A were 7.5 nm and � 2� 1018cm�3, and that of

sample B were 20 nm and � 3� 1018cm�3, respectively.

The growth temperatures of Ge channels were 300 �C. Other

sample C was grown by gas source-MBE (GS-MBE) and

SS-MBE on n-type Si(001) substrate. Using the graded

buffer technique,9 a strain-relaxed Si0.35Ge0.65 layer was

grown by GS-MBE, and the roughness of the buffer layers

was removed by chemical mechanical polishing7,8 followed

by a successive growth of a 50 nm Si0.35Ge0.65 layer, a

20 nm Ge channel, and a 10 nm spacer layer. Then the

sample was transferred to SS-MBE, and boron d doping

(� 1� 1012cm�2) was performed followed by growth of a

30 nm Si0.2Ge0.8 and a 3 nm Si cap layer. A standard Hall bar

geometry was defined on the sample by optical lithography.

Ohmic contacts were made by AuGa evaporation.

The following measurement schemes were performed to

determine purely the 2DHG mobility excluding the conduc-

tivity component of the parallel boron-doped layer. The tem-

perature dependence (T¼ 5–290 K) of magnetoresistance

and Hall resistance of samples were measured in the mag-

netic field B between �9 and þ9 T to determine the conduc-

tivity tensor components rxx(B) and rxy(B). The temperature

dependence of the 2DHG mobility and density was obtained

from rxx(B) and rxy(B) by means of the maximum-entropy

mobility spectrum analysis fit procedure.5 Figures 2(a) and

2(b) show the temperature dependence of 2DHG mobility

and density, respectively. 2DHG mobilities of the samples at

290 K were 2440 cm2/Vs for sample A, 2900 cm2/Vs for

sample B, and 3120 cm2/Vs for sample C. The mobility fora)Electronic mail: kitoh@appi.keio.ac.jp.
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sample C has marked the highest experimental 2DHG mobil-

ity.1 In addition, from the measurement of magnetoresist-

ance, Shubnikov-de Haas oscillations were obtained to

determine the roughness of the Ge/Si1�xGex interface.

In order to numerically reproduce the 2DHG mobility

obtained by the experiments, subband structures and quan-

tum well potentials were obtained by solving the six-band

k�p and Poisson’s equations self-consistently as a function of

the measured 2DHG density.10,11 The set of valence band pa-

rameters employed in the calculation is shown in Table I.

The xx-component of the 2DHG mobility was obtained from

a linearization of the Boltzmann equation as10

lxx ¼
e

4�h2p2kBTn2DHG

X
l

ð2p

0

d/
ð1

E
ð0Þ
l

dE
klðE;/Þ��� @El

@k

���
klðE;/Þ

� @El

@k

� �2

klðE;/Þ
sðlÞx ½klðE;/Þ;/�f0ðEÞ½1� f0ðEÞ�; (1)

where n2DHG is the 2DHG density, kl is the in-plane wave-

number at the energy E, / is the in-plane polar angle in the

lth subband, E
ð0Þ
l is the energy of the lth subband at kl ¼ 0,

sðlÞx is the transport relaxation time for the x component in the

lth subband, and f0ðEÞ is the Fermi-Dirac function. Scatter-

ing by acoustic phonons, optical phonons, remote ionized

impurities, and interface roughness were included. Our sam-

ples contain 106–107 cm�2 threading dislocations. That may

act as scattering centers. However, based on Eqs. (1) and (5)

and the number of traps per length of dislocation NT ¼
106 cm�1 given in Ref. 15, we found the threading disloca-

tion limited mobility lth � 108cm2=Vs i.e., scatterings

caused by threading dislocations can be neglected. The

relaxation times for the acoustic and optical phonon scatter-

ing were computed with the isotropic approximation as11

1

sl
x;APðkÞ

¼ kBTD2
AP

2p�hqu2
l

X
m

ð
d2k0d½Emðk0Þ � ElðkÞ�Flm; (2)

1
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1

2
6

1

2

� �
; (3)

where q is the mass density, ul is the longitudinal sound ve-

locity, xOP is the frequency of the optical phonon, d is the

Dirac delta function, DAP is the effective deformation poten-

tial of the acoustic phonon, DOP is the effective deformation

potential of the optical phonon, nOP is the Bose occupation

factor of optical phonons, and Flm is the form factor

described as

Flm ¼
ð

dz
��wðlÞ0 ðzÞ � w

ðlÞ†
0 ðzÞj

2; (4)

where wðlÞ0 is the wave function of lth subband at k ¼ 0. While

values of deformation potentials for the strain Ge reported pre-

viously in the literature scatter significantly,12,16–18 the best

agreement between the experimental results and the calculation

was obtained with the effective deformation potentials of

acoustic phonon DAP ¼ 6:65 eV and optical phonon

DOP ¼ 8:52� 108 eV=cm. These numbers are consistent with

the calculation in Ref. 19 based on the deformation potential

parameters a, b, c, d, and d0 listed in Table I. The transport

relaxation times for remote ionized impurities and interface

roughness were calculated as follows. The dielectric screening

was treated as in Refs. 10 and 20 with the isotropically approxi-

mated subband structure. From the doping condition of each

sample, the transport relaxation time for remote ionized impur-

ities for the in-plane wavenumber k in the lth subband was cal-

culated as

FIG. 1. Schematic diagrams of Ge/SiGe heterostructures: (a) 7.5 nm Ge and

2� 1018 cm�3 boron for sample A and 20 nm Ge and 3� 1018 cm�3 boron

for sample B; (b) Sample C.

FIG. 2. Experimentally obtained 2DHG (a) mobility and (b) density for

sample A (h and solid curve), sample B (* and dashed curve), and sample

C (D and dotted curve). The curves are guide to eyes.

TABLE I. Valence band parameters and deformation potentials for Ge.

L ð�h2=2m0Þ M ð�h2=2m0Þ N ð�h2=2m0Þ a (eV) b (eV) d (eV) d0 (eV)

�30.53a �4.64a �33.64a 2.1b �1.87b �4.8b 29.0c

aReference 12.
bReference 13.
cReference 14.
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1

sðlÞx;impðkÞ
¼ 1

2p�h

ð
dzNðzÞ

ð
d2k0d½Elðk0Þ � ElðkÞ�

�
��tl

impðk0 � k; zÞ
��2ð1� coshÞ; (5)

where NðzÞ is the concentration of the ionized impurities, k0

is the in-plane wavenumber of the final state, h is the scatter-

ing angle formed by k0 and k, and tl
impðk0 � kÞ is the matrix

element for remote ionized impurities with Eq. (4.18) in

Ref. 21. The intersubband scattering was neglected. The

transport relaxation time for interface roughness scattering

was calculated as

1

sðlÞx;IRðkÞ
¼ D2K2

2�h

X
m

ð
d2k0

d½Emðk0Þ � ElðkÞ�
½1þ K2ðk0 � kÞ2=4n�nþ1

�
��Mlm

IRðk0 � kÞj2ð1� coshÞ; (6)

where D is the root-mean-square of the roughness height, K
is the in-plane correlation length of the roughness, n ¼ 4 is

an exponent describing the falloff of the distribution for large

ðk0 � kÞ,22,23 and Mlm
IRðk0 � kÞ is the matrix element for the

interface roughness with Eq. (31) in Ref. 24. The same val-

ues of D and K were employed for the top and bottom inter-

faces. To determine D and K, the Dingle ratio a (the ratio

between transport relaxation time and single-particle relaxa-

tion time) and experimentally obtained 2DHG mobility were

used. Dingle ratios a ¼ 11:0 for sample A, a ¼ 5:1 for sam-

ple B, and a ¼ 4:6 for sample C were obtained from the

magnetic field dependence of Shubnikov-de Haas oscilla-

tions.25,26 Then the values of D and K were found self-

consistently to satisfy the experimental Dingle ratio and

2DHG mobility. D and K determined in this manner were

D ¼ 0:74 nm and K ¼ 19 nm for sample A, D ¼ 0:52 nm and

K ¼ 12:5 nm for sample B, and D ¼ 0:43 nm and K ¼ 12 nm

for sample C. These values were in good agreement with

K ¼ 20� 30 nm found by the cross-sectional transmission

electron microscope images of a typical Ge/SixGe1�x hetero-

structure.27 Parameters employed for mobility calculation

are summarized in Table II.

Figs. 3(a)–3(c) show comparison between experimen-

tally measured and theoretically calculated 2DHG mobility.

Excellent agreements with the experimental 2DHG mobility

demonstrate the validity of our calculation. Figure 3 shows

convincingly that the interface roughness scattering is the

limiting factor below 200 K and its effect is still significant

at room temperature even in sample C, which has the highest

experimental 2DHG mobility.

It is possible to reduce the interface roughness and

remote ionized impurities scattering in the future by improv-

ing the sample fabrication technique. Thus, the upper theo-

retical limit of 2DHG mobility will be limited by acoustic

and optical phonon scattering. Figure 4 shows calculated

room-temperature (T ¼ 290 K) 2DHG mobility as a function

of a Ge composition x for a relaxed Si1�xGex buffer layer

when the interface roughness and remote ionized impurities

are removed completely (D ¼ 0 and K ¼ 0). Here, 2DHG

density dependence is also shown since the density changes

the position of the Fermi level which in turn changes the

effective mass due to the strong nonparabolicity of the

valence band. The calculation is performed for 20 nm thick

strained Ge layers, whose thickness is large enough to sus-

tain the form factor. When the thickness is reduced, the form

factor is increased leading to reduction in the 2DHG mobil-

ity. A doping layer to supply holes to the well is assumed to

situate above the channel. Figure 4 suggests that the room

temperature mobility of �3000 cm2/Vs in Fig. 2 can be

increased up to more than 5000 cm2/Vs if the roughness is

removed and the 2DHG concentration is tuned appropriately.

In conclusion, we have obtained purely the 2DHG mo-

bility in three Ge/Si1�xGex heterostructures by the mobility

spectrum analysis of the magnetic field dependence of their

TABLE II. Scattering parameters.

Sample A Sample B Sample C

DAP (eV) 6.65 6.65 6.65

DOP (108 eV/cm) 8.52 8.52 8.52

D (nm) 0.74 0.52 0.43

K (nm) 19 12.5 11

FIG. 3. Comparison between experimental (*) and theoretically calculated

(solid curves) 2DHG mobility for (a) sample A, (b) sample B, and (c) sam-

ple C. Contributions of acoustic phonon scattering (dashed-dotted curves),

optical phonon scattering (dashed-two dotted curves), remote ionized impu-

rity scattering (dashed curves), and interface roughness scattering (dotted

curves) are shown.
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conductivity. The 2DHG mobilities were reproduced very

well by the calculation based on the Boltzmann equation and

subband structures obtained by the six-band k�p method. The

acoustic phonon, optical phonon, remote ionized impurity,

and interface roughness scatterings were included. Finally,

the upper limit of 2DHG mobility in strained Ge limited by

acoustic and optical phonon scattering was evaluated as a

function of the composition x in the underlying substrate

Si1�xGex. The possibility to achieve l2DHG > 5000 cm2=Vs

at room temperature was shown.
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