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Growth of SiGe/Si Quantum Well Structures by Atmospheric
Pressure Chemical Vapor Deposition
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First structural and electrical data are reported for SiGe/Si quantum well
structures grown by a new ultra clean low temperature epitaxial deposition
process at atmospheric pressure. It is found that the process suppresses the
segregation of germanium, possibly by a chemical termination of the surface
during the growth. Mutiple-quantum-well structures with controllable well
widths and abrupt interfaces have been prepared at temperatures ranging from
550 to 650°C. Magneto-transport measurements of modulation doped quantum
wells reveal hole mobilities of 2000 cm?/Vs at 4.2 K at a carrier density of 1.7*%1012
cm2 and a germanium concentration of 18% in the SiGe channel. Resonant
tunneling diodes grown by this technique exhibit well resolved regions of
negative differential resistance within a very symmetric I-V characteristic.

Key words: Interfaces, resonant tunneling diodes, SiGe quantum wells

INTRODUCTION

Low temperature epitaxy of SiGe/Si hetero- and
quantum well structures has wide applications in-
cluding bipolar and complementary metal oxide semi-
conductor (CMOS) technology. The growth of quan-
tum well structures has been implemented by mo-
lecular beam epitaxy (MBE),}? ultra-high vacuum
chemical vapor deposition (UHV/CVD),?and low pres-
sure CVD techniques.* Some early work using atmo-
spheric pressure CVD (APCVD) for depositing SiGe/
Simulti-layer structures yielded smeared interfaces.?
The technique used in this work, ultra clean APCVD,
is a very versatile process that includes an in-situ
preclean of the substrate at moderate temperatures
(typically 950°C), temperature flexibility, excellent
temperature uniformity, and a simple flow-through
design that avoids vacuum pumps. A more detailed
description of the tool is reported elsewhere.®7 It has
been shown previously that this technique is capable
of depositing SiGe/Si multi-layer structures.® This
paper extends that work toward quantum well struc-
tures and quantum well devices.

Multiple quantum well structures and superlat-
tices provide excellent opportunities to characterize
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an epitaxial system in terms of reproducibility and
interface control, since several characterization tech-
niques can be brought to bear, providing insights into
the structural properties on a monolayer scale. To
date, MBE is the technique that has dominated fabri-
cation of SiGe/Si quantum wells. Superlattices with
high structural perfection grown by MBE have been
reported.® The interface roughness appears to be
determined by the germanium segregation, which
can be suppressed at very low growth temperatures.
SiGe/Si quantum wells deposited above 550°C by
CVD techniques at very low pressures typically con-
tain some roughness at the SiGe/ Si interfaces,!?
which might be attributed to three-dimensional
growth. Ultra-high vacuum chemical vapor deposi-
tion at temperatures below 550°C seems to minimize
this problem, presumably due to surface hydrogen
passivation.?

However, these temperatures lead to extremely low
growth rates. We study here the capability of APCVD
to grow SiGe/Si quantum well structures with abrupt
interfaces and controlled well widths in the tempera-
ture range of 550 to 650°C.

EXPERIMENTAL

The SiGe/Si quantum wells were deposited using
SiCL,H, (DCS) and GeH, as silicon and germanium
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Fig. 1. Secondary ion mass spectrometry profiles of SiGe layers with

various germanium contents and thicknesses capped by 40 nm wide
silicon top layers, deposited at 600, 700, and 800°C.

sources, respectively, in a H, atmosphere at tempera-
tures from 550 to 650°C. The well width was a predict-
able function of growth time obtained from bulk film
growth data. The germanium concentration in the
wells was calculated from data obtained from
Rutherford backscattering (RBS) on thick films grown
under identical conditions. The growth was inter-
rupted at each interface for 20s to switch the gas
phase.

The structures were analyzed by high resolution x-
ray diffractometry and x-ray reflectivity using a four-
crystal diffractometer.’? Secondary ion mass spec-
troscopy (SIMS) depth profiling measurements were
performed with an O,* primary beam with an energy
of 2 keV. In addition, the structural properties were
investigated by transmission electron microscopy
(TEM).

The modulation doped quantum well structures
were cleaved into bars for Hall measurements. The
ohmic contacts were prepared by evaporating alumi-
num on the surface followed by an anneal at 550°C for
1 min. The temperature resolved Hall measurements
were performed at a magnetic field of 0.44 T and for
at least two different currents per sample.

The ohmic contacts of the resonant tunnel diodes
(RTD)were formed by Ti/Al metallization, with square
top contacts. The contacts served as masks for the
subsequent reactive ion etching used to isolate the
devices.

RESULTS AND DISCUSSION

Figure 1 shows the germanium SIMS profiles for
three buried SiGe layers of variable thickness grown
at 600, 700, and 800°C. In each case, the thick SiGe
layer was capped with a 40 nm wide silicon layer. The
DCS and GeH, partial pressures were kept constant
leading to decreasing germanium concentrations in
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Fig. 2. Measured and modeled x-ray diffraction patterns of SiGe/Si
MQWSs with 18.3 % germanium in the well and nominal well widths of
9,6,and 3 nm.

the films with increasing temperatures. The impor-
tant result is that the shape of the germanium profile
at the interface between the silicon cap layer and the
SiGe layer remains the same, independent of the
growth temperature. Even at 800°C, the germanium
profile drops three orders of magnitude in 11 nm into
the cap layer. The steepness of the profile and the
germanium background level (< 10'® ¢cm=) in the
silicon cap are limited by resolution and sensitivity
limits of the SIMS. It is remarkable that up to 800°C
no indication of germanium segregation (smearing of
the germanium profile) is observed. In comparison to
MBE data, which show a distinct segregation at
temperatures as low as 600°C," this profile sharp-
ness suggests that a mechanism exists in APCVD
that impedes germanium segregation. Most likely
this is explained by chemical termination of the sili-
con during the growth in the hydrogen atmosphere.
Surface studies of adsorption mechanisms of SiCL,H,
on silicon in an UHV chamber show that the surface
is covered with SiCl and SiH. Under UHV conditions,
the hydrogen is released at 550°C and the chlorine at
730°C from the surface. In the hydrogen atmosphere
of the APCVD, the surface appears to be covered with



Growth of SiGe/Si
Quantum Well Structures by APCVD

305

Table I. Comparison of Barrier Width, Well Width and Ge Concentration in MQWs Calculated on the Base of
RBS Data and Growth Time per Well with Values Determined by Modeling X-Ray Rocking Curves

Well Growth Calculated MQW Structure Best Fit MQW Structure from Modeling

Time (s) T (°C) Barrier (nm) Well (nm) Ge (%) Barrier (nm) Well (nm) Ge (%)
60 650 10.5 9.0 18 10.7 9.0 18.3
40 650 10.5 6.0 18 10.5 6.2 18.3
20 650 10.5 3.0 15 10.7 3.0 18.3
100 600 15.0 8.0 29 14.7 8.2 28.5
50 600 15.0 4.0 29 14.7 4.1 28.5
25 600 15.0 2.0 29 14.8 2.0 28.7

120 550 4.0 45 39 3.9 44 39

80 550 4.0 3.0 39 3.1 3.1 38
40 550 3.0 1.5 39 3.1 15 39

hydrogen up to 800°C in dynamic equilibrium with | , |

the H, in the ambient. This finding is a striking L
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data comparing the best fit and the design values of
the multiple-quantum wells (MQWSs) are summa-
rized in Table I. In all cases, no discrepancies of more
than 1% of germanium or 0.2 nm in well and barrier
width were detected. The accuracy of the x-ray
diffractometry toward the well and barrier width is of
the order of 0.2 nm. For larger variations, the inten-
sities of the high order satellites in the simulated
pattern do not fit the experimental data. These data
illustrate the precise control of growth available by
APCVD.

The sensitivity of the x-ray diffractometry toward
interface roughnessisillustrated in Fig. 3. Curve 1)in
Fig. 3a represents the higher order satellites of the
experimentally determined rocking curve of the MQW
containing nine periods of 9 nm wide SiGe wells and
10.7 nm thick silicon barriers. The curves 2), 3), and
4) are simulations of the diffraction assuming abrupt
interfaces and 1 and 2 nm wide linear gradings of the
germanium content at the interfaces, respectively. It

satellite order

Fig. 3. Effect of interface roughness on the intensities of high order
satellites for a SiGe/Si MQW containing 9 nm wide wells with a
germanium concentration of 18.3% and 10.5 nm wide barriers.

is apparent that the assumption of a smeared inter-
face[Fig. 3a 3),4)]leads to a reduction of the intensity
ofthe high order satellite peaks. This is shown graphi-
cally in Fig. 3b comparing the absolute intensities of
the satellites of the simulations with the experimen-
tal data after subtracting the background. The best fit
is obtained assuming abrupt interfaces. However,
due to the noise of the experimental data, a roughness
of up to 1 nm at the interfaces cannot be excluded.
A more sensitive method to determine the interface
roughness is x-ray reflectivity.'* Figure 4 depicts the
reflection pattern of the same MQW structure as
described in Fig 3. Maxima of the reflectivity up to the
14th order are clearly resolved in the pattern. The
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Fig. 4. Comparison of modeled and measured x-ray reflectivity curves.
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Fig. 5. Effect of interface roughness on the intensities of high order
reflectivity peaks.

simulated reflectivity assuming the same germa-
nium concentration and well and barrier width as
determined by x-ray diffractometry shows an excel-
lent match with the experimental data. Again, the
most sensitive parts of the curve for interface rough-
ness are the higher order maxima. Figure 5 focuses on
this part of the pattern. Figure 5a compares the
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experimental data 1) with simulations assuming an
abrupt interface 2), a roughness of 0.2 nm 3), and a
roughness of 0.4 nm 4), at the interfaces. Figure 5b
compares the absolute intensities of the reflection
maxima for these cases. Clearly, the assumption of an
interface roughness of 0.4 nm leads to very weak
intensities of the satellites that does not agree with
the measured data. From this measurement, we are
able to conclude that the interface roughness is about
0.2 nm or less; i.e. in the monolayer range. It is
important to point out that the reflectivity is not
dependent on whether this roughness is due to a long
or a short range fluctuation of the well width or due to
a SiGe monolayer at the interface that contains a
lower germanium fraction than that of the well. The
assumption of small changes in the well width from
well to well would lead to a shift of intensity from the
satellites into the Pendellésungen, which is not ob-
served in the experimental data.

Transmission electron microscopy cross sections
from several MQWs support the findings of the x-ray
diffraction and reflection measurements. Smooth in-
terfaces have been obtained for a 20-period superlattice
grown at 650°C with 1.1 nm wide SiGe wells contain-
ing 37.5% germanium and 3.7 nm thick silicon barri-
ers. No indication of three-dimensional growth was
found in the sample despite the relatively high depo-
sition temperature of SiGe layers with 37.5% germa-
nium. This supports the earlier conclusion that the
germanium segregation is largely suppressed by
chemical termination of the surface.

In comparison to samples grown by low pressure
CVD at 625°C, ! the interface roughness of the MQWs
grown by APCVD at 550 to 650°C is reduced, which is
attributed to the stabilization of the hydrogen passi-
vation at atmospheric pressure. Furthermore, our
dataindicate that the interfaces are at least as abrupt
as for MQWSs grown by UHV/CVD. A strict compari-
son is difficult since no x-ray reflection data or meth-
ods of comparable sensitivity toward the interface
roughness has been used to analyze samples grown by
CVD techniques at very low pressures. X-ray
reflectivity data from MQWs grown by MBE show a
short range roughness of 0.5 nm and a long range
roughness of 0.9 nm! compared to 0.2 nm in the
samples grown in this study. In contrast to MBE, the
interface abruptness in the MQWs grown by APCVD
appears to be determined by the gas switching se-
quence rather than by germanium segregation. Un-
der the present operating conditions, APCVDis avery
powerful technique for the deposition of SiGe/Siquan-
tum well structures and that earlier results showing
smeared interfaces in APCVD grown multi-layers®
can be attributed to high growth temperatures (900-
1000°C) and less than optimal gas switching se-
quences.

Figure 6 shows a TEM cross section of a quantum
well structure grown at 550°C. It is designed for
resonant tunneling. The SiGe layers appear dark and
the silicon layers bright in the TEM image. The
structure consists of a 6 nm wide SiGe quantum well
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Fig. 6. Cross-sectional TEM of a resonant tunnel structure containing
two 5 nm wide silicon barriers and a 6 nm SiGe well.

(25% germanium) with 5 nm thick silicon barriers on
either side sandwiched between SiGe layers that
contain a 10 nm thick layer of 25% germanium and
then the germanium is graded down toward the B-
doped silicon top and bottom layers to avoid spikes in
the valence band at the top and bottom SiGe inter-
faces. The TEM reveals smooth interfaces with no
indication of undulations or roughness between the
SiGe layers and the two silicon barriers.

Figure 7 shows the I-V characteristics of this par-
ticular resonant tunneling structure for a 20 x 20 um
area resonant tunneling diode (RTD) at 4.2 K. Well
resolved regions of negative differential resistance
have been detected. The I-V curve remains nearly
identical up to temperatures of 77 K. At room tem-
perature noregions of negative differential resistance
are observed. On either side of the I-V curve, five
peaks are resolved that can be attributed to the
tunneling via three heavy hole subbands HH,, HH,
and HH, and twolight hole subbands LH and LH,. An
oversimplified calculation assuming a linear interpo-
lation between the silicon and germanium values for
the effective masses!® leads to the subband positions
within the valence band of the double barrier struc-
ture shown in the inset of Fig. 7. The agreement
between the observed and the calculated values is
reasonably good. The resonant current peaks were
detected at 40, 180,195, 370, and 420 mV in forward
bias and at —50, —145, —~180, —315, and —365 mV in
reverse bias. The slight asymmetry is probably due to
differences in doping levels of the top silicon layer and
the silicon substrate. The peak to valley ratio of the
features is comparable to those obtained for MBE-
grown!61” Si/SiGe RTDs, confirming that the APCVD
is capable of producing SiGe/Si quantum well struc-
tures with abrupt interfaces.

The structural properties are promising for ap-
plications of APCVD grown quantum well structures
in CMOS devices, since the abrupt interfaces should
suppress the interface scattering of two-dimensional
(2-D) hole gases. Modulation doped single quantum
well structures containing a 8 nm wide SiGe well
separated from the B-doped spikes by 4 nm thick
silicon undoped silicon spacer layers have been pre-
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Fig. 7. |-V characteristics of a SiGe/Si resonant tunnel diode.
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Fig. 8. Temperature dependence of a) Hall mobilities and b) sheet
carrier densities of modulation doped SiGe/Si single quantum well
structures (inset Fig. 8b).

pared at 650°C. The doping level was 4 x 108 cm-3 in
the 4 nm wide Si:B layer underneath and the 12 nm
thick cap layer. The thicker B-doped layer on the top
of the structure was used to saturate the surface
states. The structure is outlined in the inset of Fig. 8b.
Figures 8a and b show the Hall mobility a) and carrier
concentration b) in dependence on the temperature
for modulation doped single quantum wells with 10
and 18% germanium in the well. Both samples show
the expected temperature dependence of a 2-D hole
gas. The mobility and the carrier concentration of the
sample containing 10% germanium in the channel is
slightly higher than that of the sample with 18%,
peaking to 2035 cm%/Vs at a sheet carrier density of
1.7x10*? cm2at 4.2 K. The room temperature mobili-
ties are 135 and 115 at sheet carrier densities of 5 x
102 and 3.5 x 102 cm™2 for 10 and 18% germanium in
the well, respectively. Those values are comparable to
data published for similar structures.’® However, no
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improvement of the mobilities is observed, which
might indicate that interface roughness is not the
fundamental limiting scattering mechanism in these
samples. Furthermore the increase of the germa-
nium concentration did not lead to higher mobilities,
in contradiction to model calculations.® It is not
believed that background doping limits the mobility
since capacitance voltage measurements of thick sili-
con samples grown under comparable conditions re-
veal unintentional low doping levels of 1-5 x 10* ¢m,
Other scattering mechanisms that might occur are
intersubband scattering, alloy scattering, or scatter-
ing at potential fluctuations due to lateral fluctua-
tions of the germanium concentration. However, a
more detailed investigation is required.

CONCLUSIONS

We have employed the deposition of SiGe/Si quan-
tum well structures and superlattices by APCVD. The
SIMS, x-ray, and TEM data strongly indicate that
germanium segregation does not occur in the tem-
perature range under investigation, which we at-
tribute to the stable chemical termination of the
surface due to the hydrogen atmosphere. Conse-
quently, APCVD permits the growth of MQWs with
an interface roughness in the monolayer scale. The
roughness is determined by the accuracy of the gas
switching sequence rather than by germanium segre-
gation. The exact control of well width and germa-
nium concentration suggest that the APCVD is a
powerful contender for the growth of quantum de-
vices. The first demonstrations of p-type RTDs with
well resolved regions of negative differential resis-
tance as well as 2-D hole gas confinement layers with
high mobilities in modulation doped quantum wells
illustrates the broad capabilities of the APCVD tech-
nique for the deposition of sophisticated device struc-
tures with high performances.
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