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In this study, high-quality Si/Si;—sGez /Si p-type modulation-doped heterostructures were grown by ultrahigh-
vacuum/chemical vapor deposition (UHV/CVD). High-field magnetotransport measurements revealed Shubnikov-
de Hass oscillations in the longitudinal magneto resistance and the integer quantum Hall effect in transverse
magnetoresistance illustrating the presence of a well-confined two-dimensional hole gas. The mobilities of the
two-dimensional hole gas, as high as 12500 cm?/V-s at 0.65K, were obtained for normal (doped layer at surface
side) modulation-doped heterostructures with z = 0.12 at a sheet carrier concentration of 3.45 x 10" cm™2. In
addition, for this heterostructure, temperature-dependent measurements of Shubnikov-de Hass oscillations in the
range 0.65K-2.4 K were taken and the hole effective mass of 0.295mq £ 0.01mo was obtained.
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hole effective mass

The current interest in fundamental investigations of
charge transport in modulation-doped Si/Si;_,Ge, het-
.erostructures has been focused on two-dimensional hole
gases (2DHGs)*™ and electron gases (2DEGs)*™ in
silicon-based materials, which stems from the potential
for application to new devices and subsequent integra-
tion with the well-established Si technology. Besides
device applications, the successful growth of high-hole-
mobility structures has made possible the investigation
of a number of novel physical phenomena, such as the
fractional quantum Hall effect and ballistic transport.
In addition, the two-dimensional hole gas mobility at
low temperature in silicon grown on a silicon substrate
has been dramatically improved in recent years to val-
ues of around 3300 to 19820 cm?/V-s.::3% The analysis
of two-dimensional hole gas mobility behavior indicated
that it is limited by scattering associated with charge,
interface roughness and Ge composition abruptness at
the Si/Si;_,Ge, /Si interface. In this letter, we report a
2DHG mobility as high as 12500 cm?/V-s at 0.65 K with
z = 0.12. The influence of the growth conditions on
the low-temperature 2DHG mobility of coherent strained
Si/Si;,_,Ge, modulation-doped heterostructures is also
discussed.

The Si/SiGe heteroepitaxial layers have been grown
by hot-wall UHV/CVD, owing to requirements for tight
control over interfacial quality, spatial dopant distribu-
tion, and layer thickness. Details of the wafer cleaning
method and the growth conditions have been described
elsewhere.® Herein, the Si/Si,_,Ge,/Si normal p-type
modulation-doped heterostructures were grown on (100),
n~—type, 3-inch Si substrates at 525°C. The heterostruc-
tures consist of a 0.3-um-thick undoped Si buffer layer,
a 25nm nominally undoped Si;gsGeg.12 alloy channel
layer, a 10nm undoped Si layer spacer , and a 10nm
Si layer doped with boron to 2 x.10'® cm™ grown se-
quentially. Both the layer thickness and Ge composition
in the heterostructures were measured by high-resolution
double-crystal X-ray diffraction (HRXRD); the SiGe lay-

ers were fully strained. Next, the boron concentration

was determined using secondary ion mass spectroscopy
(SIMS). From our SIMS measurement results, no boron
contamination in undoped layers was detected through-
out the modulation-doped structure. In addition the
doping profile transition at the interface of the doped
Si layer and undoped Si layer is very abrupt. Such a
feature is due to the lower growth temperature of 525°C
the lower growth rate Ry was 0.3 nm/min, while Rg;q.
was 3.0nm/min. The pump-down time for outgassing of
gas sources in our UHV/CVD chamber is about 2 sec-
onds; hence, gas source facilities do not affect the doping
profile.

To study the conduction mechanism of holes in the
modulation-doped heterostructures, Shubnikov-de Hass
(SdH) measurements were taken at 0.65 K-2.4 K, in mag-
netic fields up to 8 T. Conventional Hall methods using
the standard van der Pauw pattern were used to measure
magnetoresistence. Ohmic contacts were obtained by
evaporation and alloying of Al on this sample at ~580°C.
Figures 1(a) and 1(b) show longitudinal (p..) and trans-
verse (p,,) magnetoresistances plotted against magnetic
field, B, in the range of 0.65K-2.4 K, respectively. The
sample exhibited magnetoresistance oscillations at differ-
ent low temperatures in SAH measurements. The trans-
verse magnetoresistance is linear at low magnetic field,
but increases with a field. In addition, the well-developed
quantum Hall effect (QHE) plateaus begin to be clearly
resolved with integer filling factors at 0.65K and 0.95K;
however, they are unresolved at higher temperature. The
QHE plateaus and R,,(B) slope imply the presence of
a parallel conducting path. The necessary condition for
observing SdH oscillations is uy B > 1, where uy denotes
the carrier mobility and B represents the strength of the
magnetic field. Figure 2 depicts the longitudinal magne-
toresistance of SdH oscillations with the onset magnetic
field B ~ 0.8T. Therefore, the two-dimensional hole
gas (2DHG) mobility is py > 12500 cm?/V-s at 0.65 K.
Herein, the single peak corresponding to the sheet carrier
concentration of n. ~ 3.45 x 10! cm~? was determined
from the SdH oscillation periods of p,, vs 1 /B in low
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Fig. 1. (a) Longitudinal magnetoresistance vs magnetic field at
different temperatures, (b) Transverse magnetoresistance vs
magnetic field at different temperatures.

magnetic fields analyzed by the fast Fourier transform.
The highest value of 2DHG mobility reported until now
has been achieved with CVD techniques, and is compa-
rable to that of MBE-grown samples®* and theoreti-
cal calculated results*® (11000-20000 cm?/V's), except
for the higher sheet carrier concentration for our CVD-
grown 2DHG. The hole effective mass in the heterostruc-
tures was determined from the temperature dependence
of SdH oscillation amplitudes. According to these re-
sults, the amplitude of the magnetoresistance oscillation
decreases with increasing temperature due to the Landau
level broadening around the Fermi energy. The tempera-
ture dependence of the oscillation amplitude (A) can be
expressed as

-7

A= Dp(€)exp L}

} X const.,
c'q

Dr(€) = &/sinh(§), € = 2n°kp T/ hw., we = ;—Bi, )
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Fig. 2. Longitudinal and transverse magnetoresistance vs mag-

netic field at 0.65 K. The insert is a magnification to show the
onset of the SdH oscillations.

where Ky denotes the Boltzmann constant, m* repre-
sents the hole effective mass in 2DHG, F is Planck’s con-
stant and const. is temperature-independent. At low
temperatures (T < 4.2K), the effective mass is also in-
dependent of temperature. Therefore, the amplitude of
the SAH oscillations from eq. (1) can be expressed as

(A/T) = sinh(—27*m*kgT/heB) x const.  (2)

The temperature dependence of SAH oscillation was mea-
sured in the range 0.65K-2.4 K. Figure 3(a) shows plots
of In(AR,,/R,) against In(¢/sinh&) with 0.65K-2.4K
for various magnetic fields B, where AR, is the peak
value of AR,,. Figure 3(b) illustrates a Dingle plot for
various temperatures for this sample. Analyzing these
temperature-dependent SdH oscillation amplitude data
allowed us to obtained a straight line which gives the
hole effective mass, m* =~ 0.295mq = 0.01m,. In addi-
tion, the effective mass is demonstrated to be indepen-
dent of magnetic field and temperature. Herein, we ob-
tain a slightly larger value for the hole effective mass than
those reported by other workers.> %" This a discrep-
ancy arises because our sample has a significantly higher
carrier sheet density. However, this value corresponds to
the report by People et al.,) in which the hole effective
mass is 0.3my, in the case of £ = 0.2 at a sheet carrier
density of 3.5 x 10" cm™2, in MBE-grown Si/Si,_,Ge,
p-type modulation-doped heterostructures.

The interface roughness, interface abruptness and al-
loy disorder scattering limit the magnitude of the 2DHG
hole mobility. The associated modification of the V-
shape potential well thickness and potential fluctuation
bring about a perturbation of the eigenstate energy, giv-

.ing rise to effective scattering for mobile holes. The X-

ray reflectivity (XRR) and high-resolution double-crystal
X-ray diffraction (HRXRD) are used to obtain parame-
ters relevant to interface roughness, layer thickness, alloy
composition and interface abruptness. Also, an X-ray
reflectivity simulation program and a dynamical diffrac-
tion simulation program are implemented to analyze the
experimental curves. The XRR measurements and sim-
ulation curves for a 20-period Si/Sip79Geoo superlat-



Jpn. J. Appl. Phys. Vol. 36 (1997) Pt. 2, No. 3B

Ln (AR, /R )

-4 -3 2 -1 0
Ln (&/sinhE)

(a)

Ln (AR /R, )sinh&/2)

| | | I
00 01 02 03 04 05 06 07 08

1/B(TY
(b)
Fig. 3. (a) Plots of In(ARm/Rp) against In({/sinh&) for var-
ious values of magnetic field B. (b) Dingle plots of

In[(Apm/p)(sinh£/€)] as function of 1/B for various tempera-
tures.

tice (SLS) with a 16.7 nm Si layer and 2.2 nm SiGe layer

grown at 525°C are shown in Fig. 4. The experimen- .

tal data and simulation curves correlated well with re-
spect to the peak position, the intensity of each peak
was obtained. The XRR measurements and simula-
tions showed the Si/Si, ,Ge, interface roughness to be
0.1nm for the Si layer and 0.1nm for the SiGe layer.
These values are extremely close to the XRR instrumen-
tal resolution (0.1nm). However, the important prob-
lem is alloy composition transition at heterointerfaces,
which affects the mobility of the 2DHG and the sheet
density. Hence, in this study, the HRXRD measure-
ments were taken to evaluate the structural parameters
of the Si/Si;_,Ge, SLS.'» A simple model has been pro-
posed elsewhere'®'®) to extract the Ge compositional
abruptness at the Si/Si,_,Ge,. interface. In the model,
the Si/SiGe and SiGe/Si transition regions with linearly
graded Ge composition is assumed at both heterointer-
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Fig. 4. The XRR reflection measurement for 20-period Si/
Si;_z Gez superlattice grown at 525°C. The parameters used
for the simulated curves are given in the figure.

faces. The results obtained using this model closely cor-
respond to the measured data. From this model, the
transition region thickness can be extracted. The transi-
tion regions range from 0.34nm to 0.66 nm (for z = 0.14
to 0.28) when is grown at 525°C. These values con-
firm that our UHV/CVD system has very fast gas tran-
sients and absence of Ge segregation,'*'® resulting in
an atomic-scale composition transition region. Hence,
the coherently strained Si/Si;_,Ge, p-type modulation-
doped heterostructures with a smooth interfacial rough-
ness and abrupt interface have been achieved, indicating
that the use of our UHV/CVD system can result in a
high crystal quality and high 2DHG mobility.

In conclusion, we have grown high-quality SiGe alloy
layers at 525°C by UHV/CVD. The Si/Si;. ;Ge,/Si p-
type normal modulation-doped heterostructures are fab-
ricated with an extremely high hole mobility and high
sheet carrier concentration, and show a 2DHG hole mo-
bility as high as 12500cm?/V-s at 0.65K, at a sheet
carrier density n, of 3.45 x 10 cm™2 for z = 0.12.
The study also reveals the hole effective mass m* to
be 0.295m, =+ 0.01m,, which is independent of temper-
ature and magnetic field. The major factors that limit
the 2DHG mobility and both the interface roughness of
0.1 nm and the alloy abruptness of 0.34 nm at the Si/SiGe
heterointerface are determined. According to our results,
an extremely smooth and abrupt Ge composition transi-
tion is achieved at both Si and SiGe heterointerfaces by
UHV/CVD.
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