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High Hole Mobility in Modulation-Doped p-Sis.5Gen.5/Ge/Sir_*rGey,,
Hetrostructures fabricated Using Molecular Beam Epitaxy

Eiichi Murakami, Hiroyuki Etotr' Kiyokazu NakaS:awa, and Masanobu Miyao

IJt d.Central Researoh Laboratory' Hitaohi,

Kokubuni i' TokYo 185' JaPan

New heterostructures of modulat ion-doped p-Si o. oG" o, u/Ge/ Si ,-*" G"*" are
fabricated usingi molecular beam epitaxy. The strain in the Ge channel layer
can be precisely oontrolled by ohang:ing the composition of tho Si r-*"G"r"
buffer layer. As a result, a larg:e energ:y disoontinuity of valenoe band

(0. l?ev) is expeoted. This leads to the high hole mobility of 24OO amzns at
77K

1. Introduct ion

Si-Ge hetero-epitaxy has attracted
at tent ion as the key techno l.ogy f or
introducing the ooncept of band engineering
into Si devices. Several studies on the

fabrication of heterostructure devices have

been reported, 1-8 where Si-rich SiGe

al loys/Si structures are mainly used.

However, from the standpoint of high speed

device operat ion, the very high hole
mobility of pure Ge are desired. People has

already proposed p-Sir-xGe x/Ge structures, 4

and l{a8:ner e t al. have reported the

observat ion of ZDHG ( two-d imens ional hole
gas ) in p-S i o. uG e o. a/Ge structuru . 

u Ho*"u"r,
in these structures, sufficient confinement

of holes is difficult.
Under such baokg:round, we propose new

structures of p-S io. aGe s,6/Ge/S i r_*"Gexo,
where strain in p-S i o. uGe o. a,/Ge structure is
controlled by a S ir-*"Gex" buffer layer.
Consequent ly, suff ioient conf inement of
holes are considered to become possible.

2. Proposal of p-S i o. oGe s.6/Ge/S i ,_*" Gex"

heterostructures

Most important materlal parameters for
hetero-devlces are ener8iy discont inuit les at
the edges of conduction and valence bands

( A Eu and A Ear, people et al. have

proposed an equatlon to estimate AEu and

AEo in Si-Ge heterostructure".u Uring this
rule, A Eo of p-S i o. aGe o. a/Ge structure is
calculated as O. 1 eV which is insufficient
for the hole confinement.

The nain idea for solving this problem

is the utilization of new heterostructures
of p-s i o. oGe s. 5/Ge/S i ,_*" Go x", where
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compressive strain in the Ge channel can be

contro I I ed by ohang:ing: the oompos i t ion of
the S i r_x"Gox" buffer layer. Thi s

compressive strain is expected to result in
the larg:e valence-band discont inuity A Eu,

To estimate the AEu values of the proposed

structure, the natural nod if icat ion of
People's equation,

a Eu:( o. ?4-o. bBXs ) ( t-0. 6) ( eV)

is used. This indicates that AE" increases

as Xs value decreases. For example, larg:e
AEu value of O. 1? eV is obtained at a

typical Xs value of O. 75.

This increased AEu leads to a large
hole ooncentration, ?, which means the

increase of hole velocity in deg:enerate'hole
gas. Thus high hole mobility is expeoted

due to reduction of Coulomb scattering.s
In addition, the compressive strain is

expected to cause valence band splitting,
which realizes light hole conduction.e

3. Experiments

A sample struoture fabricated
present experiments is shown in Fig. l. The

epitaxial growth of each layer was performed

with VG866 ltsE (Molecular Beam Epitaxy)
equipment. Base pressure of the LJIIV (Ultra
High Vacuum) chamber was about 1O-8 Pa. Si

and Ge were evaporated with E-gun and

K-ce11, respectively. ( 1OO) Sb-doped ( 1O

g cm) Ge substrate was ohemically etchedlo

and heated at 66Ot for 20 min in uI{V for
surfaoe cleaningi. Ge buffer layer of 2O nm

thick and S ir_*"Gox" buf fer layer of 2OO nrn

thiok were succes ive I y g:rown at 4OO T and
giOt , r€spoct ively. Then, Ge ohannel
layer of 20 nm thick and Sio.uGeo.o layer of
15 nrn thick were g:nown at 4OO C. Ga doping
was performed by adsorpt ion of Ga atoms from
K-cell at the substrate temperature below
IOO t. Finally, amorphous S io. aGeo. a f ilm
of 15 nm thiok was deposited, and

crystal I izat ion was fol lowed through 460 C

thr anneal iner in UIIV ( So t id Phase Ep i taxy ).

Strain in the epitaxial layers were

character ized by Raman spectroscopy. In

addit ion, hole mobil i ty and concentrat ion

were evaluated with Hatl measurement usinS:

van der Paw pattern with alloyed AuGa

cont act.
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in the Fig. Z e Raman spectrum of the
p-s i o. oGe o. a/Ge/S i o. ,u G e o. zo

heterostructure. The wavelength of
inoident I isnt is b14. b nrn Opt ical
phonon modes from Sio.rGeo.a and Ge

layers are observed.

4, Results and Discussion
4. L Strain control in the Ge channel layer

A Raman spectrum from a typical sample

(Xs=o. ?5 in Fis. 1) is shown in Fis.Z. Four

peaks orig:inatingl from optical phonon modes

were observed, i. e. Ge-Ge mode of Ge layer
and Ge-Ge, Si-Ge, and Si-Si modes of
S io. uGeo. o layer, respect lvely. The strain
( e ) in the Ge layer can be evaluated usingt

the wave numbe r sh i f t Aa f rom the brr I k

value us ing: the re lat ionship of
Aa =-4Lg, z e 

11' 12 . The exper imental values

of 6 are summarized in Fig.3 as a function
of 1-Xs of the buffer layer.
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tr'ig.8 Strain in the Ge layer from the Raman

shift of the Ge-Ge mode vs. the Si

content of the buffer layer (l-Xs).

The solid line shows the theoretical
re I at ionship.

In the f igure, theoret ical values are

shown for comparison. where the relation of
6:O. 0381(Xs-1) is used by assuming: Vegard's

law for the lattice constant of Sir_*"G€xe.

Experimental results ag:reed With the

theoret ical values. Tn this way, it was

demonstrated that strain in the Ge channel

can be precisely controlled by ohang:ing: the

composition of the buffer layer.

4.2 Hole cbnduct ion in the Ge channel layer
Current-Vol tag:e characterist ics of a

typical sample are shown in Fig.4.
Measurement temperature was varied from 77 K

to 3OO K. Around room temperature, a large
leakag:e current was observed, whioh was also
observed in Ge substrate and Ga d -doped Ge

(Fi8l.. 5). These largie leakag:e currents are

due to smal I band gap of Ge substrate.
Below 25O K the leakage currents were

d isappeared. In the modulat ion-doped

sample, holes were not completely trapped by

Ga ions (freeze-out ) even at 77 K in
contrast to the case of Ga d -doped Ge

sample. These .resul ts sug:8:ested that
two-dimensional hole gas was formed at the
p-S i o. oGe o. a/Ge interface.

-r0t
VOLTAGE (V )

Fi8:. + Current-Voltage characterist ics of
the p-S i o. oGe o. a/Ge,/S i o. ,u G o o. ,u
heterostructure. Temperature is
varied from 77 K to gOO K

llT (K-l) \xru-l

Fi8:. 5 Temperature dependence of the

currents at 1 V for various samples.

Hole mobilities (fih) and hole
concentrat ion (Ns ) were est imated by
measuring: the Hal I effeot (77 K), and

results are shown in Fig:. b as a funation of
l-Xs. In the low strain region
(O<1-Xs<O. 26), hole mobil ity and

concentrat ion increase as the strain
increases. This sug:g:ested that some chang:e

in the band structure inorease the AE"
value, andr/or change the hole population in
I isnt and heavy hole bands.
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Fig. 6 Hole mobility and concentration of
the p-s i o. oGe s.6/Ge/S i ,_*" Gex"

heterostructures at 77 K vs. the Si

oontent of the buffer layer (1-Xs).

Magnetic f ield strength is 8 kG.

However, for l-Xs>O, 26, hole nobil ity
and concentration suddenly decreases with an

increase in the strain. A possible reason

for this phenomenon is the propaSiation of
dislocations from the buffer layer to
qhe p-S i o. aGe o. a/Ge interface.

At present, the highest value of ll.. is
24c/0 0m2/vs for l-xs=o.25, in which surface
carrier density N" is 4.4xlorr cm-2. This
(Lb is larg:er than the bulk value of p_Ge

doped more than 1017 cm-8, l3 and is about

f our t imes gireater than that reported f or
p-SirzS 10. ,Ge o. , structur" . 

to

4. Conclusions

The usefulness of modulat ion-doped

p-S io. sGe s.6/Ge/S i r-*"Gox" structure was

demonstrated. Compressive strain in the Ge

films was found to be controlled by the

composit ion of the buffer layer. As a

result, high hole mobil ity (24OOcm2/Vsl

or ig:tnat ing: f rom ZDHG at p-S i o. oGe o. a/Ge

interface $tas obtained.
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