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ABSTRACT

Two dimensional hole gases have been investigated in Si/SiGe modulation
doped heterostructures grown by RT-CVD for the first time. Single, both normal
and inverted, and double heterostructures were studied. The results suggest that any
asymmetry due to dopant segregation or autodoping between the normal and
inverted structures occurs on a scale of less than 1 nm.

INTRODUCTION

The last few years have seen enormous advances in our understanding of the
Si/SiGe material system for its potential applications in the fabrication of high-speed
devices and optoelectronic circuits on Si [1]. Rapid Thermal CVD (RT-CVD) has
emerged as a competing growth technology for fabricating these structures. Unlike
MBE or UHV-CVD, this does not require ultrahigh vacuum techniques, and the
growth temperature can be optimised for each individual layer. State-of-the-art dev-
ices like the MODFET and the resonant tunneling diode place stringent requirements
on doping profiles and interface quality. It is therefore very desirable to characterize
interface abruptness of epitaxial films grown in such an environment. Material
analysis techniques like SIMS and RBS lack resolution on the scale of angstroms.
The two dimensional hole gas confined at a modulation doped interface is however
very sensitive to the heteroepitaxial interface region , making it an excellent probe
for characterization. No previous modulation doping results have been reported for
RT-CVD. Initial double heterostructures grown by MBE showed good carrier
confinement and low temperature mobilities [2]. Further investigations of single
heterostructures by SIMS showed that dopant segregation in MBE destroys the sym-
metry of the normal and inverted interfaces [3] resulting in different carrier mobili-
ties. This is remniscent of the well established AIGaAs/GaAs system, where an order
of magnitude difference in mobility has been observed for a number of years in the
best quality structures. Si/SiGe structures grown by a UHV-CVD technique
apparently did not show this effect [4].

We have fabricated p-type modulation doped structures using RT-CVD and
characterized the two interfaces using electrical measurements. Double heterojunction
structures were also investigated using low-temperature magnetoresistance experi-
ments. The results are described in the next section.
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Fig. 1. Normal and inverted modulation doped heterostructures.
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Fig. 2. Carrier concentration as a
function of temperature for the
normal and inverted heterostruc-
tures.
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Fig. 3. Mobility as a function of
temperature. The open symbols
represent data from similar struc-
tures grown by MBE and UHV-
CVD obtained from references
[2],[3], and [4].
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EXPERIMENT AND RESULTS

The growth system used is an RT-CVD reactor. The wafer sits on a quartz
stand inside a cold wall quartz tube and is heated by a bank of tungsten halogen
lamps. Dichlorosilane and germane are used as source gases while diborane is used
for the p-type doping. The temperature of the wafer is accurately monitored using a
novel infrared transmission technique with resolution of one degree [5]. All structures
are grown on lightly doped n-substrates. Growth of epitaxial films is controlled by
switching gas flows, not wafer temperature. The growth temperature is optimised
individually for each layer. Growth starts with a silicon buffer layer grown at
1000 C C. The subsequent Si layers are grown at 700 *C while the SiGe alloy layers
are grown at 625 * C. Single modulation doped heterostructures are shown in Fig. 1.
The normal and inverted structures had a spacer width of 150 A , doping concentra-
tions 1.5 x 1018 cm- 3 and germanium fractions of 15%. The doping and thicknesses
are estimated from SIMS and calibrated growth conditions.

Standard van der Pauw and Hall bar geometries were lithographically defined
and mesa-etched using a plasma etching system. Aluminum contacts were then eva-
porated and annealed at 500 *C for 20 minutes in a forming gas atmosphere. This
yielded good ohmic contacts down to very low temperatures. Gold wires were bonded
to the contacts for external electrical measurements.

Hall measurements were carried out from room temperature down to 10 K in
a magnetic field of 0.2 T. Mobility is calculated from the measured resistivity and
carrier density of the sample. The results are plotted in Figs. 2 and 3. The mobility
rapidly increases as the temperature is lowered and saturates at about 2500 cm 2/V's
for the single heterostructures. The carrier concentration at the same time decreases
and saturates at about 5 x 1011 cm-2 . No freeze-out is observed even at 4.2 K. This
indicates a degenerate system of carriers well separated from ionized impurities. The
peak mobilities at 10 K in these structures compare very well with those reported in
similar structures grown by UHV-CVD and MBE techniques [2,3,4]. To confirm the
two-dimensional carrier confinement at the heterointerface, magnetoresistance experi-
ments were carried out at liquid He temperatures in high magnetic fields. The longi-
tudinal resistance of the sample shows well defined Shubnikov-deHaas oscillations
which are periodic in the reciprocal field [6]. From the period , we obtain a carrier
density of 4.8 x 1011 cm-2 which agrees very well with 4.7 x 1011 cm-2 obtained from
the Hall slope. This indicates little parallel conduction and a single carrier channel as
expected. The low temperature mobilities and carrier densities in the normal and
inverted structures however differ by 20%. This could either be due to small changes
in growth conditions between the two samples or some physical asymmetry induced
during growth. In order to resolve this, we carried out measurements on a symmetric
double heterojunction structure shown in Fig. 4. The sample had a 50 A spacer
with a doping level of 3 x 1018 cm- 3 and a germahium fraction of 20%. Electrical
results ape shown in Figs. 5 and 6.

Tlie double heterostructure shows lower mobility and higher carrier density
because of the smaller spacer width and higher doping level. The mobility saturates
at 1000 cm 2 /V.s with no carrier freeze-out. Tilted field Shubnikov deHaas experi-
ments were carried out at 2.3 K in magnetic fields upto 9 T. The oscillations follow
the component of the magnetic field perpendicular to the sample, indicating good
two dimensional confinement of the carriers. Fig. 7 shows the longitudinal resistivity
of the sample ws a fullntion of magnetic field normal to the surface. The periodic
nature of the oscillations is evident from the calculated fourier spectrum shown in
Fig. 8. The single peak indicates one carrier channel or two or more channels with
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Fig. 4. Symmetric double heterostructure.
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Fig. 5. Carrier density as a func-
tion of temperature for the double
heterostructure. For comparison,
the density obtained from the
Shubnikov deHaas oscillations is
also shown.
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Fig. 6. Mobility as a function of
temperature for the double
heterost ruct ure.
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Fig. 7. Longitudinal resistivity of
the double heterostructure sample
as a function of the normal mag-
netic field, showing well known
Shubnikov deHaas oscillations.
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Fig. 8. Fourier analysis of SdH os-
cillations for the double heteros-
tructure.
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Fig. 0. Quantized Hall Effect in the double heterostructure. The
plateau values are quantized at RH = h/e 2u, where v is even.

similar densities. From the position of the peak , we obtain a carrier density of 1.3 x
1012 cm-2 which is half of the value 2.6 x 1012 cm- 2 obtained from the Hall slope.
This indicates that the double heterostructure has two symmetric hole gases at the
two interfaces, as expected. To rule out any parallel conduction accounting for the
difference, we examined the high field Hall data shown in Fig. 9 more carefully. The
sample shows the Quantized Hall plateaus with the resistance value, without resolv-
ing spin degeneracy, normally given by RH - h/e 2v where h is Planck's constant, e is
the electron charge and v is an even integer. The data shows plateaus for
v-= 12, 16, 20 but is missing v = 14 and v- = 18. The fact that we see only even
multiples of even integers confirms that we indeed have two symmetric 2-D channels
with no parallel conduction elsewhere, since two symmetric channels in parallel
would have resistance plateaus at RH - h/2e2v. Similar results for symmetric double
heterostructures have been obtained by UHV-CVD growth at a temperature of
550' C [4].
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DISCUSSION

The low temperature mobilities and carrier concentrations of the normal and
inverted structures differ only by 20%. Moreover the inverted structure shows lower
carrier density, contrary to what one might expect if there was any dopant segrega-
tion. The small difference is therefore attributed to slightly different growth condi-
tions, as the two samples were grown three weeks apart. Low temperature magne-
toresistance experiments on the double heterostructure clearly reveal the symmetry of
the two interfaces. From the width of the Fourier spectrum, we estimate a difference
of 10% in the carrier densities at the two interfaces. Simulations of band structures
of single heterojunctions correlate this to a difference of 10 .A in spacer widths, indi-
cating that any segregation or outdiffusion of boron in our samples is of this order.
That similar results have only been reported by UJHV-CVD [4] suggests that a hydro-
gen (or chlorine) terminated surface during CVD growth suppresses dopant segrega-
tion, even up to growth temperatures of 700 °C in our case.

SUMMARY

Growth of high-quality Si/SiGe modulation doped heterostructures has
been demonstrated using the RT-CVD technique. Peak mobilities in these structures
are comparable to those grown by other UHVI techniques. Normal and inverted
modulation doped interfaces show similar characteristics indicating negligible dopant
segregation, which may be due to a hydrogen or chlorine terminated growth surface.
Abrupt doping profiles for high-speed device applications can thus be achieved.
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