
P222 ECS Journal of Solid State Science and Technology, 1 (5) P222-P226 (2012)
2162-8769/2012/1(5)/P222/5/$28.00 © The Electrochemical Society

Low-Stress Highly-Conductive In-Situ Boron Doped Ge0.7Si0.3
Films by LPCVD
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This paper reports on low pressure chemical vapor deposited in-situ boron doped polycrystalline germanium-silicon layers with 70%
germanium content. The effect of diborane partial pressure on the properties of the GeSi alloy is investigated. The obtained high
boron concentration results in resistivity values less than 1 m�-cm. The layers deposited at low partial pressures of B2H6 exhibit
very low stress down to –3 MPa. With increasing B2H6 partial pressure first the stress changes from tensile to compressive, followed
by a phase transition from polycrystalline to amorphous. The highly doped, low stress poly-Ge0.7Si0.3 layers deposited at 430◦C are
further applied in high-Q microelectromechanical resonators envisaged for above-IC integration with CMOS.
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Germanium-silicon (GeSi) alloys are commonly applied in micro-
electronics; for instance, in heterojunction bipolar transistors;1 and in
gates2,3 and source/drain regions of field-effect transistors.4 Compared
to pure silicon, processing of GeSi takes place at considerably lower
temperature. Polycrystalline layers of GeSi can be deposited using
Low Pressure Chemical Vapor Deposition (LPCVD) at temperatures
below 450◦C;5 under similar conditions silicon deposits in amorphous
form.

The relatively low temperature enables poly-GeSi applications in
the backend (interconnect layers) of CMOS technology, where the
temperature budget is limited (see e.g.6,7). The alloy has been pro-
posed as sacrificial layer8 for surface micromachining (making use
of the ease of selective removal); and as a permanent (electrical-)
mechanical layer, for example in MEMS resonators,9 micromirrors
and accelerometers.10

Application in surface-micromachined suspended structures fur-
ther requires low residual stress in the film (and a low stress gradient).
As stress is affected by a variety of parameters (such as Ge:Si ratio, de-
position temperature and pressure, and impurity concentration), it can
be regulated to some extent by a proper choice of process conditions. A
low specific resistance is further required in several applications where
GeSi acts as an electrode, such as accelerometers and resonators. Ad-
ditional film requirements may concern stiffness, Young’s modulus,
density, surface roughness, thickness uniformity and reproducibility
of the alloy composition.

LPCVD, chosen for its high throughput, uniformity and
reproducibility,11 naturally offers the possibility of in-situ doping
by addition of an appropriate precursor gas, thus avoiding a high-
temperature activation step for ion-implanted impurities. In-situ doped
GeSi layers are usually deposited from GeH4 and SiH4 (or Si2H6)
source gases with either B2H6/BCl3 or PH3 as dopant precursors for p-
type or n-type doping, respectively.12,13 B2H6 is chosen for the present
work as it yields higher conductivity films at higher growth rate com-
pared to PH3 in-situ doped layers. Compared to BCl3 it reacts (and
decomposes) at a lower temperature,14 allowing a reduced thermal
budget.

In this work, we systematically investigate the impact of B2H6

partial pressure on the properties of LPCVD in-situ boron doped
Ge0.7Si0.3 layers. We discuss the resistivity, residual stress, texture, sur-
face roughness and chemical composition of the films. We also show
a first application of the layers in a high-Q surface-micromachined
resonator.

Experimental

In-situ boron doped poly GeSi layers were deposited on 100 mm
single side polished 〈100〉 oriented Si wafers (381±15 μm, n-type/
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phosphorus doped, 1–10 �-cm) with 100 nm of thermally grown
oxide. The wafers were directly loaded into a custom built hot-wall
horizontal LPCVD reactor (Fig. 1) after cleaning in 99% HNO3 for
5 minutes followed by DI water rinse and N2 drying, maintained at a
base pressure of 10−3 mbar. The pressure inside the furnace was raised
to 10 mbar with 150 sccm of N2 flow to uniformly heat up the wafers
to 430◦C for 30 minutes. A thin (few nm) amorphous silicon layer,
acting as nucleation layer,5 was deposited at 0.5 mbar and 430◦C for
10 min with 88 sccm of SiH4 flow.

The in-situ boron doped Ge0.7Si0.3 layers (targeting 500 nm) were
then deposited from pure SiH4 and pure GeH4 gases with the addition
of B2H6 diluted in Ar (B2H6/Ar). The total flow of (Ar+ B2H6/Ar) is
constant at 100 sccm, with the B2H6 partial pressure varied to have a
range of doping concentrations. All GeSi depositions are carried out
at 430◦C and 0.2 mbar total pressure with fixed SiH4 and GeH4 flow of
75 sccm and 37 sccm corresponding to partial pressures of 7.1 · 10−2

mbar and 3.5 · 10−2 mbar, respectively.
The gases were introduced from the front side of the LPCVD tube

via mass flow controllers (MFCs). Each experiment involves nine
process wafers surrounded by two dummy wafers in front and two at
the back of the wafer boat. The gas depletion effect was minimized by
maintaining high flow of reactive gases using roots blowers. The aim
was to find deposition conditions below 450◦C for a low-resistivity and
low-stress GeSi alloy, for surface micromachining on top of foundry
fabricated CMOS.

The thickness of deposited layers was measured using a Dektak
8.0 surface profilometer, averaged over five points, after a masked etch
of GeSi in SF6 and O2 plasma. The residual stress in the deposited
layers was determined, using Stoney’s equation,15 by measuring the
wafer curvature before and after deposition (with the back side layer
removed) in two orthogonal directions with Dektak 8.0. The resistiv-
ity was measured by the four probe measurement method, averaged
over nine points across the wafer. Cross sectional high resolution sec-
ondary electron microscopy (HRSEM) images were taken to observe
the morphology of in-situ doped GeSi layers. The surface roughness
was measured with a Micromap interference microscope, with height
resolution better than 1 nm, averaged over five different places on the
wafer with an area of 125.4 μm by 94.08 μm.

X-ray diffraction (XRD) analysis was carried out with a Philips
XRD model expert system II using the Cu K-α line of wave-
length 1.54 Å to obtain information on the crystallinity of the de-
posited samples. The depth profile of Ge/Si contents was deter-
mined by X-ray Photoelectron Spectroscopy (XPS) using 5-keV argon
sputtering.

Secondary Ion Mass Spectroscopy (SIMS) was performed to de-
termine the boron concentration in the deposited layers. The SIMS
analysis was performed using 3 keV O2

+ primary ions bombardment
with positive mode. The first ∼10 nm of the profiles are unreliable
due to transient instrumental effects and also the profile region close
to the oxide. The concentration determination within the oxide and in
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Figure 1. Schematic overview of the employed LPCVD system.

the neighboring regions is less accurate due to charging and matrix
effects.

GeSi Material Properties

The deposition rate of in-situ boron doped Ge0.7Si0.3 increases
from 3.2 nm/min to 6 nm/min with increasing B2H6 partial pressure
from 0 mbar to 2.35 · 10−3 mbar. This increase is in line with earlier
reports and is attributed to the boron atoms acting as adsorption sites
for both silicon and germanium atoms (see e.g.11). At diborane partial
pressures beyond 2.35 · 10−3 mbar a slight decrease of deposition rate
is observed, which might be due to gas phase reactions. The variation
in cross wafer and cross load thickness uniformity is 3.4% and 9.5%
at most, respectively, for all the deposited layers.

The dependence of film resistivity on B2H6 partial pressure is plot-
ted in Fig. 2. Initially the resistivity drops steeply, accompanied with
a gradual increase in the boron concentration up to 1.2 · 1021 cm−3

at 1.9 · 10−4 mbar partial pressure, as found by SIMS. The resistivity
then starts to increase with a further increase of the B2H6 partial pres-
sure, eventually reaching 600 m�-cm, even higher than the resistivity
of the undoped (or rather, not-intentionally-doped) poly-Ge0.7Si0.3

layer. This observed increase in resistivity is associated with a gradual
transition from polycrystalline to amorphous phase, as treated later in
this article. In these experiments, the worst case uniformity in resis-
tivity along the waferboat and even on a single wafer can be observed
for the diborane partial pressure of 2.35 · 10−3 mbar. This leads to the

Figure 2. Resistivity vs. B2H6 partial pressure for ∼500 nm Ge0.7Si0.3 films
deposited at 430◦C and 0.2 mbar on thermally grown oxide.

Figure 3. Stress in Ge0.7Si0.3 film versus diborane partial pressure, deduced
from wafer bow.

cross wafer and cross load variation in resistivity of up to 14.7% and
21%, respectively.

Fig. 3 shows the stress determined from wafer curvature experi-
ments. The measurement errors in stress are minimized by keeping
the same number of data points for pre-deposition and post-deposition
scans and using appropriate fixtures to ensure the scans overlap pre-
cisely. A deviation of 5% from the measured values of stress needs to
be taken into account due to the possible error in the height data by
stylus deflection. We observe a transition from tensile to compressive
with increasing B2H6 partial pressure, around the point of lowest resis-
tivity (cf. Fig. 2). A standard deviation of up to 11 MPa, within-batch,
is found for the deposited layers. Therefore, the stress in Ge0.7Si0.3

layers can be tuned by the degree of incorporation of boron atoms.
Figure 4a shows the XRD spectra of deposited Ge0.7Si0.3 layers

versus B2H6 partial pressure. The observed diffraction peaks from left
to right correspond to the (111), (220) and (311) crystal planes of
GeSi signifying the diamond like cubic crystal structure. The pres-
ence of these peaks in the XRD spectra can indicate the growth of
V-shaped and columnar grains under the specified deposition condi-
tions. The measured diffraction peaks are closer to pure-Ge peaks than
to pure-Si; an average 73% Ge content is calculated for polycrystalline
samples using Vegard’s law.16 The distinct diffraction peaks observed
on layers deposited at low B2H6 partial pressure indicate polycrys-
talline material. The broadening of these peaks (Fig. 4a) indicates a
decrease in grain size with an increase of B2H6 partial pressure. This
is quantified by calculation of the average grain size with Scherrer’s
equation,17 as presented in Fig. 4b. The grain size decreases from
∼30 nm to ∼5 nm as the B2H6 partial pressure increases from 0 mbar
to 2.35 · 10−3 mbar. The layers turn to amorphous with a B2H6 partial
pressure above 4.7 · 10−4 mbar, as evident from the XRD foot prints
of Fig. 4a.

HR-SEM images of poly Ge0.7Si0.3 layers for 1.9 · 10−4 mbar and
4.7 · 10−4 mbar B2H6 partial pressures are shown in Fig. 5. The de-
crease in the grain size with increased B2H6 partial pressure can be
observed from these images and is in line with the conclusion drawn
from the XRD data.

The root-mean-square (RMS) surface roughness of 500-nm-thick
layers deposited at a B2H6 pressure of 4.7 · 10−4 mbar or higher is
less than 0.7 nm. An RMS roughness up to 3.6 nm is measured on the
polycrystalline samples.

Using XPS, the atomic concentrations of Ge and Si were deter-
mined to be 71% ± 2% and 29% ± 2%, respectively. The Ge fraction
varies less than the measurement accuracy under the increase of B2H6

partial pressure from 0 mbar to 4.7 · 10−3 mbar – see Fig. 6a. Fig. 6b
shows the depth profile of a thick (∼1500 nm) poly Ge0.7Si0.3 layer
deposited at B2H6 partial pressure of 4.7 · 10−4 mbar. The Ge:Si ratio
is constant across the entire layer.
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Figure 4. a) XRD footprints of LPCVD Ge0.7Si0.3 layers deposited with vary-
ing B2H6 partial pressures, showing the phase transition from polycrystalline
to amorphous. (b) Grain size versus B2H6 partial pressure, calculated using
Scherrer’s equation17 from the full width at half maximum (FWHM), extracted
from XRD peaks after fitting with the Voigt method.18

SIMS analysis on samples with B2H6 partial pressure ranging from
1.24 · 10−4 mbar to 4.7 · 10−4 mbar confirms a uniform Ge to Si ratio.
The atomic concentrations found are in good quantitative agreement
with the XPS findings. The boron content is also examined with SIMS.
At higher diborane partial pressure, a higher boron concentration is
found in the films, with a more or less linear dependency in the studied
process window: see Fig. 7. The boron is further found to be uniform
throughout the Ge0.7Si0.3 layers (as visualized for one sample in the
inset). The boron concentration is determined after calibration with a
boron-doped silicon sample, which may lead to some systematic error.

A saturation limit for the active boron concentration of about
5.0 · 1020 cm−3 was reported for poly GeSi layers deposited at 550◦C.19

We expect that the active boron concentration in our samples is even
lower than the above value due to the lower deposition temperature
(430◦C). This may partly explain why the resistance does not fur-
ther decrease above 1.9 · 10−4 mbar (cf. Fig. 2) while the chemical
boron concentration still rises. The change from polycrystalline via
nanocrystalline to amorphous also reduces the conductivity of the
samples produced with high diborane partial pressure.

Table I displays the key results of this work for 490 nm and
1500 nm thick Ge0.7Si0.3 films deposited at 430 ◦C, without annealing,
together with the results reported in earlier publications treating in-
situ doped polycrystalline GeSi films. The thinner films, deposited at
the optimal diborane partial pressure of 1.9 · 10−4 mbar, demonstrate

Figure 5. HR-SEM images of poly-Ge0.7Si0.3 layers deposited a) 1.9 · 10−4

mbar; b) 4.7 · 10−4 mbar of B2H6 partial pressures.

Figure 6. XPS depth profile on GeSi samples (a) Ge and Si contents with
varying B2H6 partial pressures (b) ∼1500 nm poly Ge0.7Si0.3 film deposited
at B2H6 partial pressure of 4.7 · 10−4 mbar.
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Figure 7. Boron concentration versus B2H6 partial pressure measured by
SIMS. The dashed line represents the linear fit for the data points. The inset
shows a continuous line indicating a uniform boron depth profile throughout
the layer thickness deposited at B2H6 partial pressure of 1.24 · 10−4 mbar.

better properties compared to the references in Table I, despite the
relatively low deposition temperature. We attribute these improved
values to the choice of B2H6,and the optimization of diborane partial
pressure (Figs. 2 and 3).

For reasons of convenience, the thicker films directly implemented
in GeSi-based RF microresonators (see the forthcoming section) are
deposited at B2H6 partial pressure of 4.7 · 10−4 mbar, which is slightly
off the optimum pressure. The batch to batch uniformity in thickness
and resistivity is found to be within 2% for these deposition conditions.
These thicker layers exhibit the stress and resistivity of −29 MPa and
0.92 m�-cm, respectively.

It is important to note that, after exceeding certain films thickness,
we expect no further increase in the stress due to the linear relationship
between the bowing and the film thickness. Such a saturation of the
stress value was observed for e.g. SiO2 layers deposited by PECVD.20

The deposition of few-μm thick layers (needed for certain MEMS ap-
plications) using LPCVD may be practically limited due to prolonged
deposition time (several hours). In case of CMOS post-processing,
this can affect the performance of underlying circuitry.

GeSi based RF Microresonators

The low stress and the low resistivity of the layers deposited at
low B2H6 partial pressure allows application of in-situ boron doped
GeSi as structural layers for suspended MEMS structures. Capaci-
tively transduced micromechanical resonators (as reviewed in24) were
fabricated using two stacked layers of in-situ doped Ge0.7Si0.3 with
1.5 μm thickness, separated by a thin sacrificial SiO2 film. The sus-
pended membranes remain in place and do not warp, bend or curl, as
confirmed by SEM and microscope inspections on devices and test
patterns. Typical resonators are displayed in Fig. 8.

Figure 8. SEM images of the fabricated resonators with a maximum process-
ing temperature of 430◦C.

Fig. 9 shows the frequency response of the suspended MEMS
resonator, excited in its Lamé mode exhibiting a resonance peak at
47.91 MHz with a motional impedance of 33 k� at a dc bias of 3 V
over a transduction gap estimated to be 40 nm. The fabricated devices
show quality factors well over 200,000 at atmospheric pressure,25

the highest reported till date for post processing compatible capac-
itively transduced resonators.26,27 The high quality factor achieved
here, compared to commonly applied alternative thin-film materials,
is possibly due to the reduced thermoelastic damping28 and reduced
surface losses29 caused by the lattice defects and other imperfections

Table I. Key properties of the polycrystalline GeSi thin films of this work compared to earlier reported literature values. Of the 15 layers
documented in,13 the lowest-stress and lowest-resistivity results are listed here. We estimated the Ge fraction for this entry from the cited etch rate
in H2O2 in line with Ref. 9. All films were deposited in LPCVD systems from SiH4 and GeH4.

Film thickness Stress Doping Resistivity Deposition Anneal Ge content
Ref. (nm) (MPa) precursor (m�-cm) temp. (◦C) temp. (◦C) (%)

9 Unspec. Unspec. PH3 20 400 – 65%
21 2000 +300 PH3 20 450 650 72%
13 1700 −53 BCl3 19 440 – ∼75%
13 2600 −161 BCl3 0.96 410 ∼70%
22 Unspec. +50 B2H6 1 400 520 69%
9 3100 −10 B2H6 1.8 450 – 65%
23 Unspec. Unspec. B2H6 0.66 525 – 73%

This Work 490 −3 B2H6 0.6 430 – 71%
This Work 1500 −29 B2H6 0.92 430 – 70%
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Figure 9. Measured frequency response of 40 μm by 40 μm square-plate
resonator vibrating in Lamé mode.

that acts as a source of energy dissipation in micromechanical res-
onators.

Conclusions

We have deposited in-situ boron doped poly Ge0.7Si0.3 layers from
SiH4, GeH4 and B2H6. We have studied the effects on resistivity, stress,
texture, surface roughness and Ge/Si/Boron depth profile with varied
B2H6 partial pressures, for fixed SiH4 and GeH4 partial pressures.
The experiments show that the introduction of B2H6 hardly affects
the Ge to Si ratio in the deposited layers. The stress in the layers
varies from tensile to compressive, with lowest stress of 3 MPa com-
pressive around 1.9 · 10−4 mbar of B2H6 partial pressure; at the same
partial pressure, a minimum in the resistivity of 0.6 m�-cm is mea-
sured. Amorphous material deposits at high B2H6 partial pressures,
leading to high sheet resistance and reduced surface roughness. The
fabrication of operational MEMS structures with a maximum process
temperature of 430◦C shows the potential of these layers as MEMS
structural material for low-temperature microtechnologies such as
CMOS-MEMS post-processing.
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