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High mobility Si/Si, -xGedSip-type modulation-doped double heterostructures with Ge fractions of 
0.2, 0.25, 0.3 have been grown by rapid thermal process/very low pressure-chemical vapor 
deposition. Hole Hall mobilities as high as -300 cm’fV s (at 293 K and sheet carrier concentration 
of -2.6X1013 cm-‘) and -8400 cm2/V s (at 77 K and sheet carrier concentration of -l.2X1013 
cmM2) have been obtained for heterostructures with x=0.3. The variation of hole mobility with 
temperature and the influence of the Ge fraction on hole mobility ‘were investigated. 

In recent years, the WSiGe modulation doped (MD) het- 
erostructures have created a great deal of interest for funda- 
mental investigations and for high speed device applications 
(modulation doped field-effect devices). High hole mobility 
p-Si/SiGe MD heterostructure*-4 and high electron mobility 
n-Si/SiGe MD heterostructure’5 have been reported. 

dopant concentration of p+-Si layers of MD samples. 
Both the MD and UD samples were measured by the 

conventional Hall-van der Pauw method, in which a lock-in 
ac measurement was used to reduce secondary action. The 
temperature range for measurement was 77-293 .K. 

In this communication, we report that SE+-,Ge,/Si 
p-type modulation doped double heterostructures have been 
grown by rapid thermal process/very low pressure-chemical 
vapor deposition (RTP/‘VLP-CVD).6 The electrical properties 
were measured and analyzed. The variation of hole mobility 
with temperature and the influence of the Ge fraction on hole 
mobility were investigated. 

The Hall data are listed in Table I. It can be seen that the 
hole Hall mobilities for both the UD bulk Si sample (No. 5) 
and the Si/SiGe sample (No. 4) are lower at 77 K than at 
room temperature, This is caused mainly by the ionized im- 
purities scattering at low temperature. 

SifSi, -,Ge,/Si modulation-doped double heterostructure 
samples were grown in a computer controlled RTp/VLP- 
CVD system. As shown in Fig. l(a), the i-Si buffer layers 
(150 nm), p ‘-Si doped layers (20 nm), i-Si spacer layers (15 
nm), undoped Sir-,Ge, strained layers (40 nm), i-Si spacer 
layers (15 nm) and p+-Si doped layers (20 nm) were epitaxi- 
ally grown orderly on (100) p--Si substrates. The Ge fiat- 
tions of x were selected to be 0.2, 0.25, and 0.3. The dopant 
concentration of boron doped p+-Si layer was l-3X10r9 
cmm3. The epitaxy was carried out at a temperature of 600 “C 
with SiH,, GeH4, and B,H, as the gas sources. Before 
growth, the samples were hot cleaned and preprocessed with 
hydrogen, to obtain high quality single crystal Si layers and 
SiGe strained layers. In the design of the sample structure, 
the thickness of the spacer layer is very important. Consid- 
ering the additional potential field range of ionized impuri- 
ties and the segregation width of boron and germanium, the 
thickness of spacer layer was designed to be 15 rmr. 

At room temperature, the hole Hall mobilities of MD 
samples (Nos. l-3) are 240-300 cm”/V s, which are many 
times higher than the bulk Si sample and also a little higher 
than UD sample No. 4, The primary reason is that the hole 
effective mass in Sir -lGe, is smaller than Si. Although there 
is alloy disorder scattering in the SiGe layer, the influence is 
negligible,’ while at low temperature, the hole mobilities of 
all the MD samples increase greatly. For sample No. 3 (x 
=0.3), the hole Hall mobility reaches 8400 cm2/V s at 77 K. 
This clearly indicates that the carriers [holes) of MD samples 
are transferred from the parent impurities of the p f-Si layer 
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Figure l(b) is the energy band diagram for MD sample. 
Because the band gap offset for SiJSiGe heterojunction is 
presents mainly the valence band,7 hole potential wells are 
formed on the SiGe side of the SiJSiGe interface and carriers 
in the p+-Si layer will be transferred to the SiGe potential 
wells, thus forming a two dimensional hole gas (2DHG). 
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In order to compare the transport properties, uniformly 
doped (UD) samples were also grown under the same con- 
ditions, the Si0.3Ge,,2 layer of 180 mn thickness was doped 
with boron to l-3X1019 cmW3, which was the same as the 

(a) (b) 

FIG. 1. Schematic for Si/Si,-,Ge,/Si p-type modulation-doped double het- 
erostructme (.a) and the corresponding energy band diagram (b). 
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‘TAJ3LE I. Hall data for MD and UD samples at 293 and 77 K. 

Sample 
No. Ge fraction 

ps cx 10’3 m-2) ,+, (cm’/v s) 

MD/UD 293 K 77 K 293 K 77 K 

1 cc=O.2) MD 6.6 2.2 240 5300 
2 (x=0.25) MD 6.7 2.3 280 7500 
3 (x=0.3) MD 2.6 1.2 300 8400 
4 (x=0.2) UD 6.5 7.3 210 130 
5 (.X=0) UD 2.1X10” cmm3 3.1X10ry cm m3 38 26 _ 

O .g 

temperature (K) 

FIG. 2. Temperature dependence of hole Hall mobility and sheet carrier 
concentration for Si/Si,,,Ge&Si p-type modulation-doped double hetero- 
structure. 

Germanium fraction x 

FIG. 3. Hole Hall mobility vs Ge fraction at 293 and 77 K for Sit -,Ge,/Si 
p-type modulation-doped double heterostructure. 
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to the undoped SiGe channel and the remote ionized impu- 
rity scattering is greatly reduced. 

Figure 2 shows the temperature dependence of hole Hall 
mobility and sheet carrier concentration for a typical MD 
sample (x=0.3). The hole mobility increases with the de- 
crease of temperature, because the lattice scattering de- 
creases with decreasing temperature, and the influence of 
remote ionized impurities scattering is very small. The de- 
crease of sheet carrier concentration at low temperature in- _ 
dicates that some of the holes have been frozen. 

The dependence of hole mobilities on the Ge fraction 
(x) for MD heterostructures at room temperature (293 K) 
and low temperature (77 K) is shown in Fig. 3. The mobili- 
ties increase with increasing x. At room temperature, the 
scattering mechanism consists primarily of lattice scattering 
and alloy scattering. With increasing x, the hole effective 
mass decreased and hole mean free time increased, although 
the alloy disorder scattering increased with increasing x, the 
influence was small, so the hole mobility tended to increase. 
This is in accordance with the results of theoretical 
calculations.8 At low temperature the hole mobilities in- 
creased with increasing x; this was induced primarily by the 
decrease of the hole effective mass. 

The mobility in SiGe MD heterostructures depends 
strongly upon the lattice integrity of the SiGe alloy layers 
and Si/SiGe interfaces. Misfit dislocation, background impu- 
rity scattering, and interface roughness scattering will reduce 
the mobility, especially at low temperature.” The high hole 
mobilities achieved for our samples both at room and low 
temperature (77 K) are evidence of high quality SiGe 
strained layers and Si/SiGe interfaces. 

Sheet carrier concentration ps is another important value 
in Hall measurement, which depends primarily upon dopant 
concentration, the thickness of the spacer layer, and the crys- 
tal quality of structure material. The product of uH and ps is 
an essential parameter for evaluating the quality of high 
speed field effect devices. The sheet carrier concentrations of 
our MD samples are all higher than 1X1013 cm-2 and the 
values reported so far.‘-” 

In conclusion, Si/Si, -,GeJSi p-type MD double hetero- 
structure with high hole mobilities and high sheet carrier 
concentration has been achieved by RTP/VLP-CVD. The 
hole Hall mobilities as high as -300 cm’/V s (293 K, 
p,-2.6X10r3 cmd2) and -8400 cm”/V s (77 K, 
p,--l.2X10r3 cm-‘) for x=0.3 are the highest values re- 
ported so far. Experiments showed that the hole mobility was 
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apparently enhanced with decreasing temperature and in- 
creased with increasing Ge fraction. 
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