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We have combined numerous characterization techniques to investigate the growth of tensile-strained and
n-doped Ge films on Si(001) substrates by means of solid-source molecular-beam epitaxy. The Ge growth
was carried out using a two-step growth method: a low-temperature growth to produce strain relaxed
and smooth buffer layers, followed by a high-temperature growth to get high crystalline quality Ge layers.
It is shown that the Ge/Si Stranski–Krastanov growthmode can be completely suppressed when the growth
is performed at substrate temperatures ranging between 260 °C and 300 °C. X-ray diffraction measure-
ments indicate that the Ge films grown at temperatures of 700–770 °C are tensile-strained with typical
values lying in the range of 0.22–0.24%. Cyclic annealing allows further increase in the tensile strain up to
0.30%, which represents the highest value ever reported in the Ge/Si system. n-Doping of Ge was carried
out using a GaP decomposition source. It is shown that heavy n-doping levels are obtained at low substrate
temperatures (210–250 °C). For a GaP source temperature of 725 °C and a substrate temperature of 210 °C,
a phosphorus concentration of about 1019 cm−3 can be obtained. Photoluminescence measurements reveal
an intensity enhancement of about 16 times of the direct band gap emission and display a redshift of
25 meV that can be attributed to band gap narrowing due to a high n-doping level. Finally, we discuss
about growth strategies allowing optimizing the Ge growth/doping process for optoelectronic applications.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, research on tensile-strained and n-doped Ge
epilayers has been the subject of numerous investigations [1–13],
work in this direction being driven by the hope to use Ge as an active
layer in optoelectronic devices. Indeed, it has been shown that when a
tensile strain is applied to Ge, the energy position of the conduction Γ
valley decreases faster than the one of the band-edge L valley [14] and
a transition from indirect to direct band gap can occur for an in-plane
tensile strain of ~1.9% [15]. On the other hand, n-type doping of Ge
leads to a more efficient population of the zone center Γ valley and
thus enhances optical recombination at the Brillouin zone center
[16,17].

In the Ge/Si system, tensile strain can be thermally generated from
the difference in the thermal expansion coefficients between Ge and
Si. There are in fact two kinds of strain that can be induced in a Ge
film when growing on Si: compressive strain and tensile strain. In the
early growth stage, since the Ge lattice parameter is 4.2% larger than

that of Si, the Ge film will be laterally compressed to accommodate its
in-plane lattice parameter to that of Si. Such a growth regime, called
pseudomorphic, can bemaintained up to the so-called critical thickness,
beyond which strain relaxation takes place. It is now well recognized
that the strain relaxation proceeds via two steps when increasing
the film thickness: the first is a partial elastic strain relaxation,
which is often accompanied by a growth mode transition from two-
dimensional (2D) growth to islanding (3D) growth [18]; the second is
a plastic relaxation process alongwhich bothmisfit and threading dislo-
cations are generated. Tensile strain can be induced inGewhen growing
at high temperatures and subsequent cooling down because Ge has a
thermal expansion coefficient twice larger than that of Si. Thus, when
a Ge film with a thickness higher than the critical thickness of a few
nanometers (nm) is deposited on a Si substrate at a temperature higher
than 400 °C and then is cooled down to room temperature, the Ge film
is tensile-strained but exhibits a high density of threading and misfit
dislocations. At the same time, the film surface becomes very rough
due to a transition from 2D to 3D growth. In general, the surface rough-
ness and the density of threading dislocations depend on the film thick-
ness, the substrate temperature and also on the growth technique. For a
film of a few hundreds nm thick that is grown at a substrate
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temperature lying in the range of 600–700 °C, the density of threading
dislocations can reach a value as high as 107–108 cm−2. To improve
the crystalline quality of Ge films, a two-step growth method has been
proposed [19,20], which consists of a low-temperature growth to form
strain relaxed and smooth buffer layers, followed by a growth at higher
temperatures to produce thicker films of high crystalline quality. How-
ever, up to nowmost of the above-mentioned investigations have been
mainly carried out using chemical vapor deposition (CVD) and only a
few of them have concerned molecular-beam epitaxial (MBE) growth
[5–7]. It is now recognized that the low-temperature growth step is cru-
cial to control the final state of the film crystalline quality. The degree of
freedom regarding the choice of the substrate temperature is rather lim-
ited within the CVD technique. Indeed, in a standard CVD process, the
thermal energy should be high enough to dissociate the gas precursor
molecules. For this reason, in previous works the low-temperature
step has been indeed carried out at an intermediate temperature often
higher than 350 °C [1–4,12,13]. As a consequence of this temperature,
Ge films grown by CVD display a high density of stacking faults and
defects [12,13,21].

In this work, we report results of the growth and n-doping of
Ge/Si(001) films using solid-source MBE. We have focused on the
control of both the crystalline quality and the surface roughness during
the low-temperature growth step. The Ge growth was investigated
within a wide temperature range, going from room temperature to
550 °C.We have evidenced the existence of a narrow substrate temper-
ature window, from 260 to 300 °C, in which the Stranski–Krastanov
growth of Ge on Si can be completely suppressed. The resulting Ge
epilayers are shown to be almost free of threading dislocations and dis-
play a relatively smooth surface. Concerning n-type doping of Ge, since
tetrahedral white phosphorus (P4 molecules) is not stable and highly
volatile, we have used a specific doping cell based on the decomposition
of GaP to produce diphosphorus (P2molecules). It is shown that a phos-
phorus doping level higher than 1019 cm−3 can be obtained.

2. Experimental details

Ge growth was performed in a standard MBE system with a base
pressure better than 5 × 10−8 Pa. The growth chamber is equipped
with a 30-keV reflection high-energy electron diffraction (RHEED) ap-
paratus, which allows us to monitor in real time the Ge growth mode.
An Auger electron spectrometer is used to control the cleanliness of
the substrate surface prior to growth and the efficiency of Ga trapping
of the GaP source. Ge was evaporated from a two-zone heated Knudsen
effusion cell and the Ge deposition rate, measured using RHEED intensi-
ty oscillations during Ge homoepitaxy on a Ge(111) substrate, was in
the range between 1.5 and 5 nm/min.

The substrates were flat, p-type Si(001) wafers. Cleaning of the sub-
strate surface followed the hydrogen-terminated Si(001) method,
which consists of two steps: the first was a wet chemical treatment in
NH4F solution to prepare an ideally SiH2-terminated Si(001) surface
[22]. The second step is heating in ultrahigh vacuum to desorb the pas-
sivating hydrogen layer at a temperature of about 500 °C. After this step,
the Si surface exhibits a well-developed (2 × 1) reconstruction and AES
measurements donot reveal any presence of oxygen or carbon. The sub-
strate temperature wasmeasured using a thermocouple in contact with
the backside of the Si wafers. The accuracy of the temperaturemeasure-
ment is estimated to be about ±20 °C.

The structural properties of the as-grown filmswere investigated by
means of high-resolution transmission electron microscopy (HRTEM)
using a JEOL 3010 microscope operating at 300 kV with a spatial res-
olution of 0.17 nm. The strain level in the Ge epilayer was deduced
from X-ray diffraction (XRD) measurements performed using a dif-
fractometer (Philips X'pert MPD) equipped with a copper target
for Cu-Kα1 radiation (λ = 1.54059 Å). The angular resolution is
~0.01°. To quantify the density of threading dislocations in Ge
films, we used selective defect-etching in a chromium-based

chemical solution for the revelation of threading dislocations. The
density of threading dislocations was measured by a JEOL Scanning
Electron Microscope.

The phosphorus concentration profiles in doped samples weremea-
sured by secondary ion mass spectrometry (SIMS), using Cs+ primary
ion beams at 1 kV impact energy and with an incidence angle of about
68.4° from the normal of the sample surface. The phosphorus profiles
were calibrated using P ion implanted Ge samples with various P con-
centrations; the depth calibration was performed using crater Alpha-
step depth measurement. The detection limit of our SIMS measure-
ments is below 1014 a·cm−3.

The photoluminescence ismeasuredwith a 532 nm laser focused on
the sample surface; the incident power density is typically in the tens of
kW cm−2. The photoluminescence signal ismeasuredwith a PbS detec-
tor, thus, allowing covering a large spectral range without detector
cutoff. Photoluminescence spectra were recorded at room temperature.

3. Results and discussion

As compared to material growth in a CVD reactor, the MBE growth
chamber is equipped with RHEED, which is a powerful technique
allowing us to monitor in real-time the change of both the surface mor-
phology and the surface structure of the growing film. By means of
RHEED, we have investigated the Ge growth in a large temperature
range, from room temperature to 550 °C, and we have evidenced the
existence of a narrow temperature window from 260 °C to 300 °C in
which the Stranski–Krastanov Ge/Si growth can be completely sup-
pressed [23]. In this temperature window, two-dimensional streaky
RHEED patterns of the Ge growing surface are continuously observed
from the first layer up to a film thickness of a few hundreds of nm.
Fig. 1a shows a typical cross-sectional TEM image of a 300 nm thick
Ge layer, which has been grown following the two-step growth meth-
od: 50 nm thick Ge layer deposited at 300 °C followed by a 250 nm
thick Ge film grown at 730 °C. First, we emphasize that during Ge
growth in the low- and high-temperature regimes, RHEED patterns re-
main two-dimensional, characteristic of a smooth surface. The image
clearly reveals that misfit dislocations have not spread out as in the
case of CVD growth [12,13,21] but are mainly confined near the Ge/Si
interface. This can be better seen in a HRTEM image taken near the in-
terface region (Fig. 1b) in which an atomically resolved Ge/Si interface
is observed. Some threading dislocations (indicated by white arrows)
are visible but interestingly SEM measurements performed after defect
etching using a Cr-based solution (not shownhere) show that threading
dislocations have gathered together to form defected regions having a
circular or square shape. The size of these defected regions varies from
sub-μm to larger than a hundred μm and if we assume that a defected
region corresponds to a threading dislocation unit, we can obtain a
density of threading dislocations below 104 cm−2 [23].

The high-temperature growth step has been investigated at various
temperatures: 400, 500, 600, 650, 700, 750 and 770 °C. Fig. 2a displays
some representativeΩ–2θ XRD scans taken around the Ge(004) reflec-
tion. For comparison, we report in dotted green lines an XRD scan of a
sample grown at 300 °C. The fact that theGe(004) reflection of the sam-
ple grown at 300 °C is located at 2θ ~ 66°, a value close to thatmeasured
on a Ge substrate, indicates that the corresponding Ge layer is almost
fully relaxed. When the growth temperature increases from 300 to
700 °C, the 2θ angle value of the Ge(004) reflection is found to monot-
onously increase and then remains almost constant for further increase
of the growth temperature up to 770 °C. To determine the value of the
in-plane tensile strain ε//, we first deduce the out-of-plane strain (ε⊥)
from the θ–2θ XRD curves and then determine the value of ε// using
the following relationship:

ε== ε== þ ε⊥
� �

¼ c11= c11 þ 2c12ð Þ
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with elastic constants c11 = 12.85 × 1010 Pa and c12 = 4.83 × 1010 Pa
for pure Ge [24]. The highest value of the in-plane tensile strain ε//
obtained in the growth temperature range of 700–770 °C is 0.24%,
which is in good agreement with previous results reported using CVD
in which the highest tensile strain was in the range of 0.22–0.25% at
similar growth temperatures [1–3,12,13]. This confirms that a value of
the tensile strain of about 0.25% probably represents the highest value
that can be obtained by using the high-temperature growth step.
Shown in Fig. 2b is a summary of the evolution of the in-plane tensile
strain versus growth temperature. It is worth noting that for a Ge
growth at a temperature higher than 800 °C, long-range Ge/Si interdif-
fusion occurs, which can deteriorate both the optical and transport
properties of the Ge layer.

To understand the above evolution of the tensile strain, in particular
the saturation of the tensile strain when the growth temperature is
higher than 700 °C, we recall that as the tensile strain in the Ge epilayer
arises from the difference of thermal expansion coefficients between Ge
and Si, it may expect that the tensile strain continuously increaseswhen
increasing the growth temperature beyond 700 °C. However, as the Ge
lattice parameter is 4.2% larger than that of Si, theGe epilayer is linked to
the Si substrate via a high density of misfit dislocations that are located
near the interface region. The presence of such interface dislocations
may prevent the Ge epilayer to be freely distorted at high growth tem-
peratures, thus limiting the value of the tensile strain in the Ge epilayer.

After growth, the samples were subjected to the thermal annealings
not only to reduce the density of threading dislocations but also to in-
crease the tensile strain. Indeed, once the Ge epilayer has a certain ten-
sile strain, upon annealing it will not behave as a perfect elastic material
in which the stress–strain characteristic is ideally linear and the strain
variation curve is perfectly superimposed over the stress variation
curve. The Ge epilayer will behave visco-elastically and nonlinear
behavior of stress–strain curve appears. Two methods of thermal

annealing have been used, a long anneal at 900 °C and cyclic annealings
from780 to 900 °C. It has been found that cyclic annealings aremore ef-
ficient regarding the introduction of additional strain in the Ge films.
The XRD curve measured after ten annealing cycles from 780 to
900 °C with an annealing time of 3 min at each temperature is shown
in Fig. 2 (green solid curve). The as-grown sample was deposited at
600 °C and its corresponding in-plane tensile strain is 0.16%. As can be
seen, after cyclic annealings, the tensile strain in the layer has increased
up to 0.30%. The above result indicates that an adequate combination of
the two-step growth method, in particular the control of the low-
temperature growth step, with cyclic annealing allows getting Ge
epilayers having a high crystalline quality, a smooth surface and also a
high level of tensile strain. It is worth noting that the tensile-strain de-
termination from asymmetric (224) and (−2–24) is in good agreement
with the above value deduced from the symmetric (004) reflection. In
addition, we have also proceeded cyclic annealings for samples grown
at 650 and 700 °C and a similar value of tensile strain was obtained.
These results clearly confirm the effectiveness of the cyclic annealings
to further increase the tensile strain in the Ge epilayers. However, we
have found out that the increase in the tensile strain and Ge/Si interdif-
fusion are competing processes, so that for a sample that has been
grown at a high temperature, for example at 700 °C, the number of an-
nealing cycles and the annealing time should be optimized to control
the degree of Ge/Si interdiffusion.

The above maximum strain value is, however, significantly lower
than that required for the transition from an indirect to a direct band
gap Ge (i.e. ~1.9%). To achieve direct band gap conditions, alternative
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Fig. 2. a) Evolution of θ–2θXRD scans around the Ge(004) reflectionwith the growth tem-
perature and cyclic annealing. The dotted XRD scan corresponding to a sample grown at
300 °C is shown for comparison. The solid green curve corresponds to 10 annealing cycles
from 780 to 900 °C with an annealing time of 3 min at each temperature; b) Evolution of
the tensile strain versus growth temperature.
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Fig. 1. a) Typical cross-sectional TEM image of a ~300 nm thick Ge layer grown on Si(001)
following the two-step growth at 300/730 °C. White arrows indicate some threading dis-
locations that may be generated during the increase of the substrate temperature to the
high-temperature growth step; b) A zoom taken near the interface region, illustrating
the flatness at the atomic scale of the interface.
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strategies such as n-doping have to be explored. To evaluate the effi-
ciency of n-doping from the decomposition of GaP, one of the first pa-
rameters that needs to be controlled is the temperature range of the
GaP cell in which only phosphorus can evaporate. Indeed, GaP is
decomposed into Ga and P2 and at an intermediate temperature range
it is expected that only P2 can escape from the cell while Ga will be
trapped by a cap placed on top of the cell [25]. We have then grown a
stacked structure, consisting of three P-doped Ge layers, which are
separated by a 80 nm thick Ge spacer layer. A scheme of the stacked
structure is shown in Fig. 3a. For the P-dopedGe layers, the temperature
of the GaP cell was set at 600, 700 and 800 °C. The substrate tempera-
ture is chosen to be 300 °C since during Ge growth; it has been observed
that the Ge growth is two-dimensional and threading dislocations are
almost absent at this temperature. Thus, at 300 °C it is expected that
the Ge layer will be uniformly doped with phosphorus. Fig. 3b displays
SIMS measurements of the P concentration (blue curve) and Ge con-
centration (red curve) profiles across the stacked structure. Three
values of the P concentration are obtained: 3 × 1017, 6 × 1018 and
~4 × 1020 cm−3, which correspond to three temperatures of the GaP
cell of 600, 700 and 800 °C, respectively. Thus, SIMS measurements
seem to indicate that phosphorus sublimation is the most efficient at a
GaP source temperature of 800 °C. However, electrical measurements
(not shown here) show that the lowest resistivity is obtained for a
GaP source temperature of 725 °C.We thus expect that at temperatures
higher than 725 °C, a tiny amount of Ga, whose concentration is below
the SIMS detection limit, can escape from the cell, leading to a deterio-
ration of the transport properties.

We have therefore kept the GaP source at a constant temperature of
725 °C and investigated the effect of the doping level versus the sub-
strate temperature. Fig. 4a shows room-temperature current–voltage
curves measured at various substrate temperatures. We note that all
samples investigated here have a total thickness of 100 nm (30 nm

thick undoped Ge layer deposited at 300 °C to form a smooth and strain
relaxed buffer layer, followed by a 70 nm P-doped Ge film deposited at
various substrate temperatures). It can be clearly seen that the resistiv-
ity decreases when decreasing the substrate temperature and the
lowest resistivity is obtained at a temperature of 210 °C. The evolution
of the resistivity versus substrate temperature is summarized in
Fig. 4b. To explain this behavior, it is worth noting that the efficiency
of phosphorus doping may depend on two main parameters: the solu-
bility of phosphorus in the Ge lattice and the sticking coefficient of P2
molecules on the Ge surface. For the first parameter, it has been
shown in the case of Si that the phosphorus solubility increaseswith in-
creasing the substrate temperature and the highest value of the solubil-
ity is obtained at a temperature above 1300 °C [26]. On the other hand,
the sticking coefficient of a molecule on a substrate surface should in-
crease with decreasing the substrate temperature. Since our results re-
veal that P doping is more favorable at low substrate temperatures, it
appears that the sticking coefficient of P2 is the dominant parameter de-
termining the phosphorus doping level in Ge. We also note that the
above behavior of P doping is similar to the case of Sb doping in Ge in
which high doping levels were observed in the temperature range of
160–250 °C [27].

Fig. 5 shows the evolution of the photoluminescence spectrumwith
the substrate temperature, the temperature of the GaP source being
fixed at 725 °C. The samples are similar to those used for the above
electrical characterizations. The reference sample is a 100 nm thick
undoped Ge layer deposited at a substrate temperature of 300 °C. The
spectrum of the reference sample exhibits a very weak intensity and
direct band gap emission is not clearly observed, as expected. The PL in-
tensity, which is very weak for the sample deposited at 500 °C, is found
to increase with decreasing the substrate temperature and the highest
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PL intensity is obtained for a substrate temperature of 210 °C. We note
that this evolution follows almost the same trend already observed for
the electrical measurements (Fig. 4) and thus confirms the efficiency
of P doping at low substrates temperatures. At 210 °C, the PL spectrum
peaks at around 1580 nm (i.e. the corresponding energy is 0.785 eV).
This transition can be attributed to arise from the direct band gap radi-
ative recombinations in the n-doped Ge layer. As compared to the
energy maximum around 0.810 eV, arising from the direct band
gap emission of unstrained and undoped Ge, we observe here a
redshift of 25 meV, which can be attributed to band gap narrowing
at high n-doping levels. Indeed, as shown in Fig. 2, a low-
temperature growth at 210 °C does not induce tensile strain in the
Ge film and the optical redshift can thus directly be correlated to
the effect of n-doping. It is worth noting that according to ref., a red-
shift of 25 meV corresponds to a doping level of ~2 × 1019 cm−3,
which is in agreement with our SIMS measurements. Indeed, in
Fig. 3 SIMS measurements indicate a phosphorus concentration of
6 × 1018 cm−3 at a GaP cell temperature of 700 °C and other SIMS
measurements at 725 °C (not shown here) provide a phosphorus
concentration of about 1019 cm−3. Another noteworthy point is
that if we compare the photoluminescence intensity of the sample
doped at 210 °C (blue curve) with that of the undoped sample
(green curve), an optical enhancement of about 16 times is obtained.
Finally, we note that multi-shoulders/cuttings, which are observed
in the wavelength range of 1750–2000 nm of the PL spectrum
of the sample doped at 210 °C, can be attributed to arise from humid-
ity absorption in ambient air. In fact, due to a relatively weak
photoluminescence intensity, the photoluminescence signal was
collected with a low resolution spectrometer. When the spectrome-
ter resolution is increased, multiple and separate absorption peaks
appear in this wavelength range.

The separate investigation of the effect of the substrate temperature
on the tensile strain and n-doping of the Ge layer brings fruitful infor-
mation. The substrate temperature is shown to produce an opposite
effect on these two properties of the Ge film. Higher growth tempera-
tures (up to 770 °C) induce larger tensile strainwhile low temperatures
favor n-doping. It is noteworthy that an n-doping level higher than
1019 cm−3 can be obtained at a growth temperature of 210 °C. Howev-
er, it should be pointed out that at this substrate temperature, the Ge/Si
growth does proceed via the Stranski–Krastanov mode but the corre-
sponding 3D growth is, in some ways, much less pronounced as com-
pared with the growth at temperatures higher than 300 °C. To adopt
an adequate strategy to produce Ge epilayers for optoelectronic applica-
tions, first it is important to emphasize that the thermal-induced tensile
train is limited to a value lying in the range of 0.25–0.30%, which is far
from the expected value to get direct bandgap conditions for Ge. Thus,
it would be preferable to set up growth conditions, which favor n-

doping. In other words, heavy n-doping appears to be the parameter
that is more important than the value of the tensile strain. This implies
that an adequate strategy would be to grow and to n-dope Ge films at
low temperatures followed by post-growth thermal annealing. Howev-
er, Ge films grown and n-doped at low temperatures usually contain a
high density of point defects (vacancies and interstitials). Therefore,
thermal annealing should be optimized not only to restore the crystal-
line quality of the layer but also to activate dopants to occupy substitu-
tional sites. Co-doping of P with other elements, such as As and Sb, can
be also envisaged in order to overcome the solubility limit of an doping
element in the Ge lattice.

4. Conclusion

In summary, we have separately investigated the effect of the sub-
strate temperature on the tensile strain and n-doping of Ge films
grown on Si(001) substrates using a two-step growth method by
solid-source MBE. We have evidenced the existence of a narrow sub-
strate temperature window from 260 to 300 °C in which it is possible
to completely suppress the Ge/Si Stranski–Krastanov growth. The ten-
sile strain is found to linearly increase with the growth temperature,
reaching maximum values in the range of 0.22–0.24%. Similar values
have been reported for CVD grown films. Post-growth annealing can
further increase the tensile strain in Ge films up to 0.30%, which is one
of the highest values ever reported for the Ge/Si system. We have also
presented primary results of P-doping using the decomposition of
GaP. It is found that high n-doping levels are obtained at low substrate
temperatures (210–250 °C). Compared to the undoped sample,
photoluminescence measurements of a highly doped sample reveal a
photoluminescence enhancement of about 16 times and display a red-
shift around 25 meV due to band gap narrowing at a doping level of
~2 × 1019 cm−3.

The substrate temperature is found to produce an opposite effect to
the tensile strain and n-doping. Since thermal-induced tensile strain in
the Ge/Si is limited to 0.25–0.30%, optimizing the growth condition to
favor heavy n-doping in Ge plays an important role for the development
of Ge-based optoelectronics. It appears that Ge growth and doping at a
low temperature (200–250 °C) followed by thermal annealing would
be an efficient approach.
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