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The electrical and optical properties of Si/Si086e02/Si p-type modulation-doped heterostructures

grown on (001) Si using low-pressure chemical-vapor deposition are investigated by a variety of tech-

niques. The thickness of the Sil „Ge„quantum well was about 15 nm and the modulation-doping effect

has been obtained by two remote boron-doped -10-nm-thick Si layers. We found a mobility enhance-

ment at low temperatures in all modulation-doped heterostructures. Clear Shubnikov —de Haas oscilla-

tions and quantum Hall plateaus confirm the presence of a two-dimensional hole gas. From the Hall-

effect measurements a hole mobility of 6870 cm /V s at a sheet-hole concentration of 4.5X 10" cm at

50 mK. was obtained, which is comparable with the best published values for x =0.2. The experimental

results were compared with self-consistent calculations of the valence-band diagram and hole concentra-

tion. The values for the effective mass used for the calculations were obtained by solving the 6X6
Luttinger-Kohn Hamiltonian. The photoluminescence from the Si& „Ge quantum well shows exciton-

ic behavior according to its variation with excitation power. A general trend of increasing photo-

luminescence intensity with the mobility of the two-dimensional hole gas was observed. The high hole

mobility and strong photoluminescence reQect the good interfacial quality of the Si/Sil „Ge„/Si
heterointerfaces grown by low-pressure chemical-vapor deposition.

I. INTRODUCTION

In the last few years the Si, „Ge„/Sisystem has raised
considerable interest because of its successful application
in silicon-based circuits. In particular, two-dimensional
hole gases (2DHG) play the key role in the p-channel
modulation-doped field-effect transistor (MODFET}, and
for this reason, many groups are involved in this
research.

The first detailed investigation of modulation p-doped
Si/Si, „Ge„heterostructures was done by People et al.
on layers grown by molecular beam epitaxy (MBE}. They
studied the e8ects of spacer thickness, alloy layer thick-
ness, and supply layer doping concentration on the hole
mobility of modulation-doped Si/Sic sGeo 2 heterostruc-
tures. They reached a peak 2D hole mobility of 3300
cm /Vs at 4.2 K at a sheet charge density of 6.2X10"
cm and from the temperature dependence of the
Shubnikov-de Haas envelope function, a hole e8'ective

mass of mz'=(0. 32+0.03)mo resulted. Niitzel et al. ob-
served an increase of mobility under illumination of the
heterostructure. Hole mobilities up to 4300 cm /Vs at a
carrier concentration of 3X10" cm at 1.5 K were
found for a 40-nm-thick Sio 77Geo z3 quantum well (QW)
grown by MBE. Smith et al. reported for MBE grown
layers (with x=0.2), a hole mobility of @=3640 cm /V s
(sheet hole concentration of 2X 10" cm at 5.4 K} sup-
posed to be limited by scattering on charged interface
states. To the knowledge of the authors, the highest hole
mobility in Sio 86eo 2 channels grown by MBE was mea-
sured by Mishima et al. (p, =6000 cm /V s with

p =1X10' cm z at 2 K). The single-doped heterostruc-
tures with the doped layer on the surface side revealed a
higher mobility than the inverted structure (doped layer
on the substrate side). The difference in the measured
mobility was attributed to surface segregation of boron.

An ultrahigh-vacuum chemical-vapor deposition
(UHV-CVD) system was used by Fang et al. to grow
modulation-doped structures. They investigated both
single-side-doped and symmetrically doped heterostruc-
tures and measured hole mobilities in the range of
5000-7000 cm /Vs at 1.4 K. They found two 2DHG's
in the symmetrically doped samples which consisted of a
40-nm-thick Si, „Ge„layer with a Ge mole fraction of
10—12%. The Si, „Ge layer was thick enough for the
development of 2DHG's at both interfaces. The mea-
sured hole density in the QW was (3.7 —12)X 10" cm
Venkataraman, Schwartz, and Sturm (lst, =2500
cm /Vs and p =6X10" cm at 10 K with x=0.15)
and Guldner et al. (p& =4000 cm /V s and

p =6.2X10" cm at T=1.5 K with x=0.2) studied
single-doped and symmetrically doped layers grown by
rapid thermal chemical-vapor deposition (RTCVD}. In-
vestigations on modulation-doped Si/Sio sGeo 2 hetero-
structures grown by a low-pressure chemical-vapor depo-
sition (LPCVD) were done by Vescan et al. and Apetz
et al. '

(pl, =6870 cm /Vs, p =4.5X10" cm at 50
mK).

Nayak et a1." have studied the feasibility of a p-
channel quantum-well metal-oxide-semiconductor field-
effect transistor (MOSFET) on a Si, „Ge„/Sihetero-
structure grown by molecular-beam epitaxy (MBE).
They found an increase of the 300-K channel mobility
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(ph =155 cm /Vs) for a Sio sGeo 2 channel as compared
to p& =120 cm /V s for a Si channel with the same layer
structure. Kesan et al. ' have grown similar structures
by UHV-CVD and found an increase of the mobility
from 95 cm /Vs (Si) to 150 cm /V s (Sio sGeo z) at 300 K
and from 250 cm /Vs (Si) to 400 cm /Vs at 82 K. In
these studies the mobility is extracted from the slope of
the saturation transconductance versus gate voltage
curve for a long channel device [10pm (Ref. 11) and 1.85
p,m (Ref. 12), respectively]. Similar investigations were
performed by Garone, Venkataraman, and Sturm' using
RTCVD, while Verdonckt-Vandebroek et al. grew layers
by UHV-CVD using a graded Si, Ge channel. ' A @-

type modulation-doped field-effect transistor (MODFET)
grown by MBE was investigated by Pearsall and Bean. "

In this paper we present investigations of modulation-
doped Si/Sio sGe~ 2/Si double heterostructures grown by
low-pressure chemical-vapor deposition. Besides the re-
sults of magnetotransport measurements, we compare
transmission-electron microscopy (TEM) micrographs
with depth profiles obtained by secondary-ion mass spec-
trometry (SIMS) and electrochemical capacitance voltage
(eCV). We performed efFective-mass and self-consistent
valence-band calculations. Finally we present the results
of photoluminescence (PL) measurements on
modulation-doped Si, „Ge„/Siheterostructures. We re-

port the observation of strong PL from modulation-
doped Si/Si& „Ge„/Sistructures and discuss the origin
of the different peaks. An interesting property is the
enhancement of the PL intensity from the modulation-
doped Si& „Ge„QWrelative to undoped QW structures.
A possible explanation of this effect is given.

II. LPCVD GROWTH AND LAYER SEQUENCE

The Si/Si& „Ge„/Silayers investigated in this work
were deposited by selective epitaxial growth using a
load-locked low-pressure chemical-vapor deposition sys-
tern. Details of this growth technique have been de-
scribed elsewhere. ' The substrates were lightly doped
(10' cm ) n-type (001) Si wafers for electrical, SIMS,
and PL measurements and moderately doped (10' cm )

p-type (001) wafers for SIMS, TEM, and eCV measure-
ments. Wafers with oxide patterns for in-filling selective
growth were loaded into the reactor after a RCA clean-
ing and a HF dip. The sample area was 8X8 mm . Fig-
ure 1 shows the temperature during the growth of the
modulation-doped samples. The epitaxy was performed
at 680—800'C for the Si layers, and at 680 C for the
Sip 8Gep 2 layers. The pressure in the reactor during epi-
taxy was 0.12 torr and the gases used are SiClzH2, GeH4,
H2 (carrier gas), and as doping gas 82H6 (20 ppm in H, ).

The samples have the following layer sequence (see also
Fig. 1 and Table I). First, a 100—300-nm undoped Si
buffer layer was grown. Subsequently, a 12-nm-thick
boron-doped [(3—11)X 10' cm ] layer, a Si spacer layer
(9—37 nm), a 15-nm-thick Sio sGeo 2 layer with x -0.2, a
second Si spacer (9—37 nm), a second boron-doped
[(3—11)X10' cm ] layer, and an undoped Si cap layer
(20—65 nm) were grown. The Sio sGeoz layer was made
sufticiently thin so that only one 2DHG channel should
be formed. The Slp86ep2 layer thickness was much
lower than the critical thickness associated with strain re-
laxation by nucleation of misfit dislocations on a large
area ( -75 nm). ' Therefore the Sio sGeo 2 layer should be
pseudomorphic. Homogeneously doped Si layers with
different doping levels were grown in order to calibrate
the incorporated concentration of boron atoms with the
BzH6 fiow rate. A specimen (sample 476) with the same

doping sequence as the modulation-doped heterostruc-
ture but without the Sip 8Gep z layer was grown in order
to study the electrical properties of the thin boron-doped
Si layers. A uniformly doped (1 X 10' cm
Si/Sio sGeo 2/Si structure (sample 475) was also grown.
Table I contains a list of the investigated samples.

Layer thicknesses and Ge compositions in the hetero-
structures were obtained by Rutherford backscattering
spectroscopy (RBS) and SIMS. TEM was performed
with a JEOL 4000FX electron microscope at 400 kV on
(001) plan-view and [110] cross-section specimens
prepared by Ar+ ion milling. SIMS depth profiling was
performed in a quadrupole instrument (a modified
ATOMIKA ADIDA 3000-30) with an 02 primary
beam at 2' with respect to the sample normal and a

TABLE I. List of samples investigated in this study.

Sample no.

459
436
437
438
476
475
479
478
509
464
534
535

Basic structure

Si, homog. doped
Si, homog. doped
Si, homog. doped
Si, homog. doped
Si, two 10-nm doped layers
Si/Si, „Ge„/Si,homog. doped
Si/Si, „Ge„/Si,mod. doped
Si/Si& „Ge/Si, mod. doped
Si/Si, Ge„/Si, mod. doped
Si/Sil „Ge„/Si,mod. doped
Si/Si, Ge /Si, mod. doped
Si/Si, „Ge/Si, mod. doped

Spacer width
(nm)

SIMS

9
10
10
16
36
37

%ell width
(nm)

SIMS RBS

12
15
16
12
18
17
19

Ge content
RBS

0.2
0.2
0.2
0.13
0.2
0.2
0.2
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primary-ion energy of 1.5-12 keV. Further characteriza-
tion details of the SIMS measurements are given in Ref.
18. For the electrochemical CV measurements we used a
polaron profile plotter (PN4300} with a NH4F-HF-based
electrolyte. A detailed description of the electrochemical
CV method is given in Refs. 19 and 20. The electrical
properties were determined between 4 and 300 K by con-
ventional Hall-effect —van der Pauw measurements with a
magnetic field of 8=0.50 T. Shubnikov —de Haas (SdH)
and quantum-Hall-efFect (QHE} measurements were per-
formed at T=50 mK. For these measurements a Hall-
bar geometry was used. For the Ohmic contacts the fol-
lowing metal sequence was evaporated: Al(20 nm}/Ti(20
nm)/Au(100 nm)/Cr(50 nm) and alloyed at 380'C for 5
min. PL was carried out with a Fourier transform spec-
trometer equipped with a N2-cooled Ge detector. The
samples were mounted in a continuous-Qow He cryostat
and excited by an Ar ion laser (488 nm).

III. DEPTH PROFILES

Figure 2(a) shows a TEM micrograph of a
modulation-doped Si/Sip sGep i/Si double heterostruc-
ture (sample 534} with symmetric doping. The Sip sGep p

layer is clearly observed as a dark stripe. The TEM mi-
crograph shows a high degree of perfection of the
Sio 86eo 2 layer characterized by homogeneous thickness
and planar interfaces. No misfit dislocations are seen.
However, Pl. measurements show D, (0.812 eV) and D2
(0.875 eV) lines characteristic for misfit dislocations. '

The peak intensities are very low, but nevertheless the
presence of D, and D2 lines indicates that there are some
dislocations at the Si/Sip sGepi interface (on the sub-
strate side), whose density is low enough so that they
could not be detected in TEM pictures.

In Fig. 2(b) the SIMS and eCV depth profiles of sample
534 are plotted. The boron-doped regions and the
Si, „Ge„layer are given by SIMS. While the eCV mea-
surement shows only the electrically active dopant con-
centration, SIMS detects all dopant atoms. Several au-
thors have discussed CV measurements of narrow doped

layers buried within a thick semiconductor layer.
They showed that, in a narrow boron-doped layer, holes
will diffuse out to both sides, leaving a negative space
charge which generates the drift field necessary to bal-
ance hole diffusion for stationary conditions. Therefore
the measured hole density in the center of the doped lay-
er is lower than the total boron concentration. Further-
more, due to the Schottky contact between the electro-
chemical solution and the sample, some holes of the
boron-doped layer on the surface side are removed out of
the surface depletion layer. In our eCV measurements we
get a depth profile by alternating CV measurements and
etch steps. Therefore, holes which are removed by the
Schottky contact before the first CV measurement was
made are not detected. The etch steps (10 nm) certainly
have some effect on the depth resolution due to the sur-
face roughness of the etch crater, leading to an error in
eCV depth measurements of 15%.

The depths of the boron-doped supply layers (57 and
141 nm) obtained by SIMS [Fig. 2(b)] are in good agree-
ment with the eCV measurement (63 and 134 nm). In
agreement with the above discussion, the measured hole
concentration peak of the doped layers (eCV) is lower
than the boron concentration peaks (SIMS). Further-
more, following the results from literature ' we com-
pare here sheet concentrations instead of volume concen-
trations. So, from the SIMS we get values of
N„=(6.021.2)X10' cm for the surface side layer
and Nz =(4.9+1.0)X10' cm for the substrate side
layer. Comparing these values with the hole concentra-
tion from eCV [p =(2.0+0.4) X 10' cm and

p =(4.7+0.9) X 10' cm, respectively], we see that the
hole density on the surface side is lower than the boron
concentration. This must be due to outdiffusion of holes,
as discussed above. Together with the result of the Hall-
effect measurement, which gives the hole concentration
of both boron-doped layers [p&pp K =(1.6+0. 1)X 10'
cm ], we can conclude that boron is fully activated.

It is striking that the spacer widths in the SIMS profile
are not equal, i.e., the surface side spacer is thicker.
Therefore, the SIMS depth profiling of Si/Si, „Ge„het-
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erostructures was studied in detail and it was found that
Ge accumulates at the back side of the sputtering-
induced oxide layer. ' The delayered transport of Ge
through the oxide layer leads to an increasing shift of Ge
to greater depth with rising primary energies. Therefore
it is reasonable to assume that both spacer widths are
equal. The results discussed here and those from the oth-

er specimens are listed in Tables I and II; they contain
the corrected spacer widths obtained from SIMS. It
should be mentioned that SIMS measurements give up to
25% variation on different specimens of the same epitaxy.
This can be partly attributed to SIMS resolution (15%)
and partly to doping variation along the sample.

Figure 2(c) shows a self-consistent calculated valence-
band diagram for 300 K which will be discussed below.

IV. EFFECTIVE MASS OF HOLES OF STRAINED
Si

&
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FIG. 2. Modulation-doped sample 534. {a) TEM image, {b)
SIMS profile of boron and germanium and eCV profile of the
free holes, and (c) self-consistently calculated valence-band dia-

gram and hole distribution at 300 K.

Si& Ge has a larger bulk lattice constant than Si,
and therefore, when grown strained on Si, significant
changes in the band structure are produced. The main
changes are the reduction of the band gap in the
Si& Ge layer as compared to unstrained Si, . Ge„and
the lifting of the degeneracies of the valence and conduc-
tion bands in the layer. ' In fact, the strain leads to a
splitting of the heavy- and the light-hole bands, the
heavy-hole band being shifted upwards, and the light-
hole band being shifted downwards. In strained
Si, Ge layers the effective masses are changed too, in

comparison to unstrained Si, Ge„layers. The effective
masses of strained Si& Ge films grown on a Si substrate
along the [001] growth direction were calculated by solv-

ing the 6X6 Luttinger-Kohn Hamiltonian with con-
sideration of the interaction of the spin-orbit band with
the heavy- (HH) and light-hole (LH) bands. The results
of our calculations are plotted for the [100] direction in
Fig. 3(a) and for the [001] direction in Fig. 3(b) and agree
with published data. As expected, the effective hole
mass depends on the Ge concentration and is different for
different directions. It must be mentioned that the trans-
verse [100] heavy-hole mass becomes smaller than the
light-hole mass for x&0. This discontinuous behavior
can be explained by the fact that in strained Si, Ge,
the strain-induced energy splitting between the two states
immediately overwhelms the k p coupling (which is arbi-
trarily small as k goes to zero).

For the calculation of the valence-band edge {see
below) the values of interest are for x=0.20
m HH [100]=0.19mo and m HH [001]=0.27mo. These
values are lower than the effective hole masses in intrinsic
bulk Si [mHH(001)=0. 29mo] and therefore the lattice-
limited mobility in a modulation-doped Si/Si, ,Ge„het-
erostructure with a 2DHG in the Si, „Ge, channel
should be higher than in bulk Si.

With these values for the effective masses and the ac-
ceptor concentration from the SIMS measurement, the
valence-band diagram and hole density were calculated
by self-consistently solving the Schrodinger and Poisson
equations in the Hartree approximation [Figs. 2(c) and 4].
The valence-band edge was obtained by requiring that the
Fermi level EI; remains constant throughout the struc-
ture. A surface potential pinning of 0.4 eV above the
valence-band edge and a valence-band offset AE~ of
0.185 eV (Ref. 30) at the Si/Sio, Geo 2 interfaces were as-

sumed.
The result of the calculation at 300 K is shown in Fig.

2(c). One can see that only a small fraction of the holes
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from the boron-doped Si layers moves into the Sip 8Gep 2

layer. The calculated hole densities are (1) in the boron-
doped layers p =3.7 X 10' cm (surface side) and

p =3.5 X 10' cm (substrate side) and (2) only

p =6.2&10" cm in the Sip 8Gep 2 layer. Therefore we

expect that room-temperature Hall-effect measurements
yield primarily the electrical properties of the highly
doped Si layers. According to these calculations, the
wave function in the Sip SGep& layer reaches from one
Si/Sip 8Gep z interface to the other, indicating that there
is only one 2DHG in the Sip 8Gep 2 layer instead of two at
both Si/Sip ~Gep 2 interfaces.

At 4 K (Fig. 4) the calculations show that the holes in
the doped Si layers are frozen out and therefore only the
holes in the Sip 8Gep 2 layer are expected to contribute to
the measured mobility. Furthermore, the calculations
show that there is only one conducting channel (i.e.,
2DHG) in the Sic sGeo z layer as for the 300-K case and

only the 6rst subband, which consist of heavy holes, is oc-
cupied. These properties were recognized in the SdH and
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FIG. 4. Self-consistently calculated band edges of a
modulation-doped Si/Sio Soe02/Si structure at 4 K without il-
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4.4 X 10"cm (sample 534).
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and (b} in the [001] direction. In the [100] direction, the HH
and LH masses are discontinuous at x=O. (In fact discontinuity
occurs at strain=O due to degeneracy effects. }

QHE measurements as will be discussed in Sec. V. The
calculated hole density in the Sip SGep ~ layer at 4 K
(p =4.4X10" cm ) for this structure is almost the

same as that at 300 K (p =6.2X 10"cm ).

V. MAGNETOTRANSPORT IN Si/Si& „Ge/Si
HETEROSTRUCTlJRES

A. Homogeneously doped Si layers

Prior to the growth of the modulation-doped samples,
we made a calibration of the doping level at 300 K using
eCV, Hall-effect, and SINS measurements. For these
measurements we used homogeneously doped Si layers
(see Sec. II and Table I). Epitaxial growth conditions
were a temperature of 700'C, a total pressure of 0.12
torr. The doping gas was 20 ppm diborane in hydrogen,
We used p-type (6 Qcm) substrates for eCV and SIMS
measurements and n-type (1000 Oem) substrates for
Hall-effect and SINS measurements. The results of these
measurements are listed in Table II. The hole concentra-
tions determined by eCV and Hall-effect measurements
are, within the margin of error, in agreement with the
SIMS measurements indicating that all boron atoms are
electrically active at 300 K.

Figure 5 shows the boron concentration and hole con-
centration versus injection ratio [8]/[Si] in the gas phase.
The efficiency of boron incorporation (8/Si) „~/(8/Si}g„
is approximately 11 (calculated from the SIMS measure-
ments). This coefficient is related to the effectiv stie'king

coeScients of B2H6 and SiCl2H2. Comparing this value

with the results of Meyerson et al. ' (efficiency of boron
incorporation —3}and Dutartre et al. (effieieney of bo-
ron incorporation -6), we see that the boron incorpora-
tion is higher in our case. These differences ~ight be due
to the different growth conditions. Meyerson et aI. used

SiH& instead of SiC12Hz in an UIA'-CVD system (at
640'C, p ~10 torr) while Dutartre et al. used SiH4,
too, but in a RTCVD system (at 610'C, p=0.26 torr).
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B. Si structure with two boron-doped layers

Furthermore, we have investigated a sample (sample
476) with two thin boron-doped layers. The doping con-
centration of the boron-doped layers ( —10 nm thick) was
as high as in the modulation-doped heterostructures
(-5X 10' cm ). SIMS, eCV, and Hall-effect measure-
ments yield results which are in reasonable agreement
(Table II) showing that all boron atoms are fully activat-
ed. At this point we compared the sheet-hole concentra-
tions of the eCV and Hall-effect measurements with the
sheet-boron concentration of the SIMS measurement
again. The holes freeze out at low temperatures ((70 K),
justifying the latter assumption that there is negligible
parallel conduction at low temperature in the doped Si
layers in the modulation-doped heterostructures contain-
ing a 2DHG.

D. Modulation-doped Si/Si& Ge /Si heterostructures

The mobility can be increased further if the Si& „Ge
layer is not intentionally doped and is spatially separated
from the p+ Si layers by undoped spacers. This is the
case for the modulation-doped heterostructures presented
in Sec. III and Fig. 2. The temperature dependence of
the hole concentration and hole mobility of the
modulation-doped Si/Sio 8Geo 2/Si heterostructure
presented in Fig. 2 (sample 534) is shown in Fig. 6. Self-
consistent calculations at 300 K (see Sec. IV) have shown
that only a small part of the holes moves into the
Sio 8Geo 2 layer and this concentration does not
significantly change with temperature. Therefore at 300
K the measured mobility and hole concentration are
dominated by the values of the p+ Si regions. The hole
mobility at 300 K of the modulation-doped structures is
lower than the measured hole mobility of the homogene-
ously doped Sio sGeo z/Si sample 475, because the p+ lay-
ers in the modulation-doped heterostructures contain a
higher boron concentration. The measured mobility at
300 K (p, h

-73 cm /V s) is nearly the same as the mobili-
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Figure 6 shows the measured transport properties of a
homogeneously doped Si/Sio sGeo 2/Si heterostructure
(sample 475). At room temperature, the measured hole
concentration is nearly equal to the hole concentration in
the p+ Si layers. By decreasing the temperature, holes in
the p+ Si layers are frozen out and below 50 K the hole
concentration reaches a constant value indicating that a
2DHG is formed in the Sio 8Geo 2 layer. The mobility at
room temperature is pal =101 cm /Vs, consistent with
the expected mobility of a homogeneously doped Si layer
at this doping level (1 X 10' cm ) in which the mobility
is limited by the scattering due to impurity atoms. By
decreasing the temperature the measured mobility in-
creases as expected for structures containing a 2DHG be-
cause first phonon scattering is reduced and second the
holes in the p Si layers freeze out so that only the
Sio 8Geo2 layer contributes to the hole transport. The
hole mobility is now limited by scattering due to the
background doping, which is very high (1X10' cm ),
and therefore the mobility of the 2DHG at 4.2 K is only
470 cm /V s.
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FIG. 6. Temperature dependence for a modulation-doped
(sample 534) and a homogeneously doped (sample 475)
Si/Sio 8Geo &/Si structure of (a) Hall concentration and (b) Hall
mobility.
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ty of the Si structure with two p layers (sample 476,
p,„-68cm /Vs). One can conclude that the contribu-
tion of the holes in the p+ Si was much higher than that
of the holes in the Si& „Ge channel, but it was not pos-
sible to extract a value for ps;0.8 0.2

Several authors have discussed the 300-K hole mobility
in Si& Ge . ' Manku and Nathan calculated the
hole mobility of strained intrinsic Si& Ge using an ex-
pression derived from a first-order perturbation solution
of the Boltzmann transport equation. Using a value of
0.27 eV for the alloy interaction potential they get an in-
plane mobility of p„=500cm'/Vs for Si08Geo p layers.
Chun and Wang also used the relaxation-time approxi-
mation while Hinckley and Singh used a Monte Carlo
simulation to calculate the hole mobility of intrinsic
strained Si, „Ge layers. These two groups have used a
value of 0.20 eV for the alloy interaction potential. Due
to the lower value of the alloy interaction potential, they
obtained a higher value for the in-plane hole mobility at
300 K (1135 and 1300 cm /V s, respectively) than Manku
and Nathan.

Chun and Wang also calculated mobilities at 300 K for
doped Si, „Ge„layers but neglecting quantum effects.
Laikhtman and Kiehl have included quantum effects in
the calculations of the hole mobility in Si/Sio6Geo4/Si
heterostructures. Nevertheless, it is clear that, due to the
lower hole effective mass in strained Si, Ge, layers, it
should be possible to reach higher hole mobilities in
modulation-doped heterostructures at goom temperature.
Therefore investigations have to be concentrated on the
improvement of the hole mobility at 300 K.

The temperature dependence of the measured hole mo-
bility of the modulation-doped sample 534 is shown in
Fig. 6. Lowering the temperature, starting from 300 K,
holes in the p+ regions are frozen out and the holes in
the Sio 8Geo z layer become noticeable; the measured mo-
bility (which is determined by contributions from three
layers, two p+ Si layers and the strained Sio sGeo z layer),
increases. At temperatures below 30 K the measured
mobility rejects only the nature of the 2DHG because
the holes in the p+ Si layers which are not transferred
into the Slo 8Geo p channel are frozen out. Below 30 K we
observe only a weak temperature dependence of hole mo-
bility and concentration which demonstrates the presence
of a 2DHG confirmed by SdH and QHE measurements
(see below). The measured hole concentration at 4.2 K
(p =4.0X10" cm ) agrees well with the self-consistent
calculations at 4 K (p =4.4X10" cm ). The measured
mobility at this temperature is ph =5900 cm /Vs. The
rather lower 2D hole mobility at low temperatures can be
attributed to the fact that the mobility is limited by alloy
scattering. In Ref. 8 the alloy scattering mobility p, ]&,„

was calculated using the expression

p,&&,„=16eA[3b( ~~m)
x(1—x)U 0]

where II is the volume of the unit cell, b = I4e m„p/fic].
is the inverse spatial extension of the Fang and Howard
wave function, m, the effective mass in the direction of
quantum-well confinement, m~~ the in-plane hole mass of
Si, Ge, U the alloy interacting potential, x the Ge
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FiG. 7. Spacer dependence for modulation-doped
Si/Sio soeo z/Si structures. (a) Hall concentration measured at
4.2 and 77 K and calculated at 4 K and (b) Hall mobility mea-
sured at 4.2 and 77 K.

composition in the Si
&

Ge layer, and c the dielectric
constant. With U=0.5 eV and a hole density p =2 X 10"
cm, they get pz]Ioy 5000 cm /Vs. Because the aHoy

scattering rate varies with U, smaller values of U will

yield larger mobihties. In Refs. 28, 34, and 35 lower
values for U are assumed (see above) but, to our
knowledge, no calculation for the alloy interacting poten-
tial is available for a more exact prediction of the mobili-
ty due to alloy scattering.

Figure 7 shows the dependence on spacer thickness of
the hole concentration [Fig. 7(a)] and hole mobility [Fig.
7(b)] for T=4.2 and 77 K. In these samples the Ohmic
contacts were -0.5 mm inside the sample and therefore
the measurement accuracy was only 25%. The Ohmic
contacts of the modulation-doped specimen discussed
above and plotted in Fig. 6 (sample 534) lie at the edge of
the specimen. In those measurements the van der Pauw
condition is fulfilled and the results are more reliable.
Figure 7(b) shows that at low temperatures (4.2 K) the
mobility rises with increasing spacer thickness. This is an
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indication that the mobility is limited by scattering on re-
mote ions and/or boron diffused into the Sio 8Ge0 2 chan-
nel.

At 77 K the mobility is nearly independent of spacer
thickness [Fig. 7(b)]. This can be explained by the fact
that at higher temperatures the mobility of the 2DHG is
limited by phonon scattering, which is independent of the
spacer thickness. Moreover, not all holes in the boron-
doped layers are frozen out and therefore contribute to
the measured mobility. The mobility of the p+ Si layers
( -5 X 10' cm }is limited by impurity scattering. Since
the doping level of all modulation-doped heterostructures
is the same, the mobility of the holes in these boron-
doped layers is nearly equal. In Fig. 7(a) the measured
and calculated hole concentrations are plotted, showing
reasonable agreement at low temperatures. As expected,
the hole concentration in the QW region decreases with
spacer thickness. The measured hole concentration at 77
K is somewhat higher than at 4.2 K, due to the contribu-
tion of holes in the p+ Si layers at 77 K.

Figure 8 shows well-defined SdH oscillations and clear
QHE plateaus of the sample with the highest Hall mobili-
ty at 4.2 K (5900 cm /V s). The onset of SdH oscillations
is already observable at fields as low as B=0.5 T. Apart
from filling factor v=2 and 4, only odd filling factors
were observed. This is possibly due to the overlap of
Landau levels because of the low spin splitting at lower
fields. ' The low-field Hall-effect hole density at 50 mK
was pH, &&

=4.5 X 10" cm while the density determined
from SdH measurements was psdH=4. 8X10" cm
The fact that pH»& =psdH indicates that only one 2D con-
ducting channel (i.e., only one 2DHG) is present in the
Sio 86eo 2 layer, in agreement with the self-consistent cal-
culations shown in Figs. 2(c) and 4. If two 2DHG's were
present, the measured Hall-effect concentration should be
two times higher than the hole concentration obtained by
SdH measurements. Furthermore, at low magnetic fields,
where the spin splitting is not resolved, we would find
filling factors only with v=4n+1 instead of v=2n+1,
where n is an integer in that case. But in our specimen at
low magnetic fields, only two Landau levels are crossing

the Fermi level instead of four, indicating that only one
conducting channel (i.e., only one 2DHG) is present. The
longitudinal resistivity R „vanishes at filling factors
smaller than 4, indicating that there are no parallel con-
ducting channels to the 2DHG. Another feature is that
no harmonic components in the oscillation spectrum of
R„„areobserved, which is an indication that only the
first subband in the Sio 8Geo 2 layer is occupied. From the
SdH oscillations we derive a mobility of 6460 cm /V s at
50 mK in agreement with the Hall-effect measurement at
50 mK (6870 cm /Vs). These values are comparable
with the best results published so far for x -0.2. ' ' ' '

VI. PHOTOLUMINESCENCE OF 2DHG
IN Si/Si& „Ge/Si

PL spectra of a modulation-doped sample (sample 535)
are presented in Fig. 9. The no-phonon transitions and
their TO-phonon replicas arising from the Sic sGep p QW
are observed similarly as reported by many other authors
for undoped structures. ' By temperature- and
excitation-power-density-dependent measurements the
different no-phonon peaks were assigned to localized ex-
citons (LE's}, bound excitons (BE's), and free excitons
(FE's). In Fig. 9 PL spectra for three different excitation
power densities (P) are shown. The intensity I-P of
the FE peak exhibits a linear to superlinear behavior with
m =1—1.3 while the BE peak varies sublinearly with
m =0.79—0.94. The LE peak shows saturation behavior
typical for localized excitons. The FE and BE peaks
are very sharp with full widths at half maximum of 4—6
meV. With increasing temperature only the FE peak
remains. The energy difference between the FE and the
BE peaks ( -5 meV) is the typical binding energy for ex-
citons bound to shallow impurities, which are very prob-
ably residual boron (-1X10' cm ). The energy shift
with excitation-power density of the FE peak is, as ex-
pected, small, being of the order of 2 meV.

Therefore, there is no marked difference to undoped
samples except that the PL intensity is enhanced by more
than one order of magnitude. Figure 10 shows the corre-
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FIG. 8. Results of QHE and SdH measurements at 50 mK of
the modulation-doped sample with the highest mobility (sample
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FIG. 9. PL spectra of a modulation-doped sample (sample
535) at difFerent excitation power densities at 4.2 K.
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lation of the PL signal with the mobility of the
modulation-doped samples. An explanation of the
enhancement of PL intensity with increasing mobility
might be the existence of an attractive potential in the
conduction band (see Fig. 4). The well in the conduction
band is the result of modulation doping causing a

FIG. 10. Correlation between PL intensity and mobility of
the modulation-doped samples. The PL intensity ratio is given

by the ratio of free-exciton peak heights of Si, „Ge„andSi at
4.2 K.

confinement of the photoexcited electrons in the region of
the Sio 8Geo z layer.

VII. CONCLUSIONS

In conclusion, we have observed high mobility and in-
tense photoluminescence of LPCVD-grown modulation-
doped Si/Si& Ge /Si heterostructures. This demon-
strates the high quality of the Si/Si, „Ge„heterointer-
faces and the low concentration of impurities and defects;
it also indicates that LPCVD is a suitable method for the
fabrication of structures containing 2DHG s with mobili-
ties comparable to the best published values. We have
performed effective-mass and self-consistent valence-band
calculations. The predictions made in these calculations
are confirmed in Hall, SdH, and QHE measurements.

It was shown that p-type modulation doping causes a
strong enhancement of luminescence compared to on-
doped samples. This might be explained by the addition-
al confinement of the photoexcited electrons by an attrac-
tive potential caused by the modulation doping.
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