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Germanium is a promising material for electrically pumped light emitters integrated on silicon. In
this work, we have investigated the room temperature electroluminescence of pure germanium
diodes grown by metal organic chemical vapor deposition. The dependence of the optical response
of the p-n diodes is studied as a function of the injected current. Both direct and indirect band gap
recombinations are observed at room temperature around 1.6 and 1.8 m. The amplitude of the
direct band gap recombination is equivalent to the one of the indirect band gap. © 2010 American
Institute of Physics. 关doi:10.1063/1.3462400兴
I. INTRODUCTION

Different approaches have been investigated for light
emission on a silicon platform. Heterogeneous integration of
III-V materials is obviously a promising approach. Alternatives using group IV elements are also particularly interesting in reason of their intrinsic compatibility with silicon
technology. A Raman laser has been demonstrated using
silicon-on-insulator waveguides and ring resonators.1,2 One
drawback of the Raman approach is that, apart from the requirement of optical pumping, long interaction lengths are
required to achieve lasing. Photonic crystals represent an option to achieve compact optically-pumped lasers on silicon.3
Silicon germanium alloys4 and self-assembled islands5–7
have also been considered as potential light emitters. The
recombination efficiency remains however limited by the indirect band gap character of the alloys. More recently, pure
germanium has gained a considerable interest since pure germanium is a “quasidirect” band gap material as compared to
silicon. The energy splitting between the conduction L valley
and zone center Gamma valley is only 140 meV at room
temperature. Moreover, the recombination properties of germanium can be tailored by several methods. N-type doping
of germanium leads to an enhanced room temperature optical
recombination associated with the direct band gap due to the
increase in the conduction Fermi level.8,9 Tensile strain can
reduce the energy splitting between the L and Gamma valleys and leads to a more efficient population of the zone
center valley. A transition from indirect to direct band gap
has been predicted for a biaxial tensile strain around 2%.10
Tensile strain can be obtained by several methods, either
using the difference of thermal expansion coefficients between Ge and Si 共Ref. 11兲 or by applying a mechanical external strain.12,13 Strong optical gain has been theoretically
predicted for direct band gap tensile strained
germanium.13–16 Experimentally, optical studies of tensile
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strained n-doped germanium or Ge quantum wells have demonstrated optical gain at room temperature.17,18 These advances have culminated in the recent demonstration of a Ge
laser on silicon operating at room temperature under optical
pumping, thus leading to a new paradigm for the development of optical sources on silicon.19 The next important step
is obviously to demonstrate a laser under electrical injection.
As a result, germanium p-n homojunction diodes on silicon
have been recently investigated.20,21 In the latter cases, the
optical response was analyzed for wavelengths shorter than
1.65 m because of the detector cut-off used to detect the
luminescence. In this way, only the recombination at high
energy associated with the direct band gap can be observed.
Moreover, the weight of the indirect band gap recombination
on the luminescence amplitude and the precise knowledge of
the recombination maximum cannot be accurately estimated.
In this work, we investigate the electroluminescence of
pure germanium diodes. The p-n diodes are grown by metal
organic chemical vapor deposition on a germanium substrate.
The epitaxy reactor can handle both III-V and group IV elements, thus allowing the growth of germanium on GaAs or
the growth of GaAs on germanium. The epitaxial growth of
both p and n-doped germanium layers allows to achieve
abrupt junctions and to optimize the doping content.22 We
investigate the room temperature electroluminescence as a
function of the injection current. The optical response is analyzed on a broad spectral range, not only below 1.65 m.
We are thus able to observe both the direct band gap and the
indirect band gap recombinations. We show that the amplitude of the recombination between direct and indirect band
gaps is of the same order of magnitude. The broad spectral
range that is covered allows to determine the position of the
electroluminescence maximum which is correlated with the
device temperature.
II. GERMANIUM DIODES

The growth of the diodes was performed on a n-doped
germanium substrate 共doping 1018 cm−3兲 by metal organic
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FIG. 1. 共Color online兲 Left: schematic representation of the investigated
diode 共sample 152兲. The doping densities are per cubic centimeter. The size
of the MnAu ring contact is 40 m. Right: room temperature currentvoltage characteristic of a diode. The diode diameter is 150 m.

chemical vapor deposition using isobutyl germane 共IBGe兲 as
precursor.23 Hydrogen is used as carrier gas with a total
transport flow of 55 000 SCCM/min 共SCCM denotes standard cubic centimeter per minute兲. The reactor pressure was
set at 70 Torr and the growth temperature at 670 ° C. The
n-type doping was obtained with arsine gas 共AsH3兲 and
p-type doping was achieved with trimethylgallium. Different
stackings were investigated. The thickness of n-type layer
was 1 m with a doping of 6 ⫻ 1018 cm−3 共sample 152兲 or
1 ⫻ 1019 cm−3 共sample 153兲. The thickness of the p-type
layer was 1 m with a doping of 1 ⫻ 1019 cm−3. The doping
densities were measured by Hall effect and secondary ion
mass spectroscopy. The diodes were processed into mesas
with different diameters varying between 150 to 800 m. A
MnAu ring contact was deposited on top of the p-type layer.
An AuGeNi contact was deposited on the backside of the
substrate. The electroluminescence was measured at room
temperature under continuous wave electrical injection. The
emission was collected with ⫻40 objective lens with a numerical aperture of 0.6. It was detected either with a liquidnitrogen cooled InGaAs linear array photodetector or a
liquid-nitrogen cooled InSb photodetector. The InSb detector
has a much lower detectivity at 1.6 m wavelength as compared to InGaAs but exhibits a cut-off wavelength around
5 m. It thus allows to investigate both the direct and indirect band gap recombinations between 1.5 and 2.5 m.

FIG. 2. 共Color online兲 Room temperature electroluminescence of a 150 m
diameter diode for different current densities. The emission is measured
with a linear InGaAs array. The cut-off at 1600 nm is due to the InGaAs
array.

Figure 2 shows the electroluminescence spectra of a p-n
homojunction 共sample 152兲 as measured with an InGaAs linear array. The spectra correspond to typical electroluminescence recombination spectra as reported in Refs. 20 and 21.
The current density is obtained by the ratio between the current intensity and the mesa surface. At weak current density,
the maximum of electroluminescence is observed around
1565 nm, corresponding to the direct band gap of germanium. As the current density increases, the maximum shifts
to long wavelength as a result of thermal heating of the
sample. The sharp drop around 1600 nm is due to the detector cut-off which prevents the accurate measurement of the
maximum at high current densities. Moreover, the contribution from direct band gap and indirect band gap becomes
difficult to disentangle at high injected current densities. For
these reasons, we have measured the electroluminescence
spectra with a broad band InSb photodetector. The much
lower detectivity as compared to InGaAs is compensated by
the large spectral range. Figure 3 shows typical spectra obtained for a current density of 0.55 and 2.2 kA cm−2 for
sample 152 and diode diameter of 150 m. The direct band
gap recombination is clearly observed around 1600 nm.

III. RESULTS

Figure 1 shows a characteristic I-V curve of the 152
sample measured on a 150 m diameter mesa. A typical
diode-like behavior is observed. At a reverse bias of ⫺1 V,
the dark current is around 70 A. The dark current increases
as the diode size increases. Before the onset of tunnel injection below ⫺0.3 V, the dark current scales with the diode
surface. The onset of high level injection of the diode is 0.4
V. Below 0.4 V, the diode has an ideality factor of 1.16. In
this regime, the current scales with the diode diameter. It
indicates that the electric field distribution is not uniform.
This feature was confirmed by the spatial mapping of electroluminescence for diodes with large diameters which exhibits an inhomogeneous electroluminescence distribution.
Above 0.4 V, the resistance of the global device is 2.3 ⍀.
Similar results were obtained for the sample with the higher
doped n-type layer.

FIG. 3. 共Color online兲 Electroluminescence spectra measured for two different current injection densities 关0.55 共bottom兲 and 2.2 kA cm−2 共top兲兴. The
emission is detected with a broad band InSb photodetector. The direct band
gap recombination is observed around 1600 nm. The maximum of indirect
band gap recombination is around 1800 nm. These extrema are indicated by
arrows.
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Meanwhile, the recombination associated with the indirect
band gap has a significant contribution to the measured signal. This feature was already pointed out in Ref. 24. The
indirect band gap resonance occurs around 1.8 m. We note
that the amplitude of the collected direct band gap recombination is decreased by the reabsorption which is efficient for
a direct recombination. At room temperature, the indirect
band gap recombination results from no phonon recombination where the momentum conservation is obtained through
carrier scattering processes and phonon-assisted recombination. With the InSb photodetector we can follow the maximum of the direct band gap which shifts from 1565 to 1630
nm at 2.2 kA cm−2. The striking feature is that the room
temperature direct band gap recombination amplitude is not
significantly different from the indirect band gap even at
high current densities. It indicates that tensile strain is really
mandatory to achieve population inversion with this material. Without strain enhancement, the bulk germanium has
not a recombination efficiency better than the one of an indirect band gap material.
The similar amplitude between indirect and direct band
gap recombinations can be compared to the expected one
obtained from the theoretical emission spectrum. According
to the Van Roosbreck–Schockley relation, the recombination
rate at equilibrium can be calculated from the absorption
spectrum and the photon density of states.25,26 The indirect
band gap absorption in doped semiconductor is enhanced as
compared to the intrinsic absorption since impurity scattering
and carrier-carrier scattering provide additional mechanisms
to satisfy the wave vector conservation rule during an absorption or emission process. Consequently, the difference
between direct and indirect absorption magnitude is less
marked in doped semiconductors as compared to intrinsic
semiconductors since phonon-assisted transitions are not the
only mechanisms for wave vector conservation. For a p-n
junction, the recombination is still a Planckian radiation enhanced exponentially by the applied voltage. Using the experimental absorption spectra in doped germanium reported
by Pankove and Aigrain,27 the calculation of the recombination rate in a 5 ⫻ 1018 cm−3 n-doped germanium layer indicates that the amplitude between indirect and direct band gap
recombination is roughly equivalent at room temperature, as
measured experimentally. The same calculation in intrinsic
germanium shows that the direct band gap recombination,
without accounting for reabsorption, is larger by a factor of 2
than the indirect band gap recombination.24 The experimental spectral positions of the maxima are also in satisfying
agreement with the calculated ones, if we account for temperature increase at high injection and the effects of band gap
narrowing due to doping.
Figure 4共a兲 shows the integrated electroluminescence intensity as a function of current density. A linear dependence
of the electroluminescence intensity is observed up to
2.2 kA cm−2. This indicates that the recombination is dominated by the recombination of minority carriers. Similar results were obtained for the 153 sample. We did not observe
any non linear dependence of the electroluminescence as reported in Refs. 20 and 21. The nonlinear behavior was attributed to a more efficient scattering of carriers in the Gamma

FIG. 4. 共Color online兲 共a兲 Integrated electroluminescence intensity as a
function of current density. The full line is a guide to the eyes. The data
obtained below 共above兲 560 A cm−2 are measured with the InGaAs 共InSb兲
detector. The two data points at 560 A cm−2 have been arbitrarily adjusted
to the same value. 共b兲 Direct band gap electroluminescence maximum as a
function of current density.

valley as the current density increases. As compared to the
latter studies where the Ge diodes were fabricated on a silicon substrate, the thermal dissipation and carrier recombination dynamics are likely to be different. Moreover, no residual tensile strain is present in the investigated diodes.
Figure 4共b兲 shows the dependence of the direct band gap
extremum as a function of the current density. The increase
in current density has a direct impact on the device temperature. At 2.2 kA cm−2, the device temperature is estimated
from the temperature dependence of the direct band gap. The
maximum of photoluminescence for a direct band gap semiconductor is expected at Eg + kBT / 2, corresponding to a temperature increase of 90 K for a 2.2 kA cm−2 injected current
density as compared to a weak excitation density. This temperature increase is not necessarily a limitation for the operation of an electrically injected laser. An increased temperature reduces the splitting between the Gamma and L
valley 共⬃6 meV for a temperature increase of 100 K兲 and
thus allows to obtain a higher gain for a fixed current injection density. This behavior is in contrast with the one of
standard semiconductor lasers. In the case of germanium, the
temperature is also a key parameter for the operation of an
electrically injected device.
IV. CONCLUSION

We have reported on electroluminescence characteristics
of germanium homojunction diodes grown by metal organic
chemical vapor deposition. The large investigated spectral
range allows to observe simultaneously direct and indirect
band gap optical recombinations. The amplitude of the direct
band gap recombination is of the same order of magnitude
than the amplitude of the indirect band gap. The enhancement of the recombination through tensile strain is thus a
very important feature to achieve lasing under electrical injection. For the development of electrically pumped lasers,
the cavities could be provided by standard Fabry–Perot resonators or two-dimensional photonic crystals.28,29
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