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n-doped germanium can be used as an active material for the realization of an optical source under
electrical pumping. We propose to use Schottky contacts for germanium electroluminescent
devices, and we show that carrier injection and electroluminescence in these Schottky devices can
be optimized by depositing a thin Al,O; interfacial layer on top of n-doped germanium. In the
latter case, hole injection is optimized due to the drastic decrease of interface trap densities and
room-temperature electroluminescence can be observed at small current injection with a higher
differential efficiency as compared to the standard Schottky sample. © 20/4 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883466]

The interest for germanium has significantly increased
over the past years. Germanium can be used for the growth of
multiple junctions III-V/Ge solar cells, as a channel material
with high intrinsic carrier mobility for advanced Si comple-
mentary metal oxide semiconductor architectures or photode-
tection at telecom wavelength. n-doped germanium under
tensile strain has also been proposed as an active material to
realize an optical source for silicon photonics." Germanium is
thus becoming a key material for microelectronics or optoe-
lectronics, and its use is enabled by the engineering between
group IV materials or by growing heterostructures combining
III-V and group IV materials.

For the Ge-based solar cells, the electroluminescent
diodes, or the germanium laser, a significant effort is devoted
to the optimization of the electrical injection or carrier collec-
tion. This has led to the study of the Fermi level pinning at the
metal-Ge interface by many groups.”™ In the case of the ger-
manium laser or electroluminescent devices,6 an additional
constraint is due to the fact that the carrier recombination must
occur in heavily n-doped germanium.”® Electroluminescence
of p-n Ge diodes has already been reported by several
groups.'®'® For electrical devices, one critical step is the man-
agement of defect interface states which can severely affect
the transport properties and the carrier injection through the
interfaces. For electroluminescence with n-doped germanium,
the blocking of hole injection can strongly limit the radiative
recombination. The improvement of the interfacial state den-
sity is thus a major issue.

In this work, we have investigated electroluminescent
devices with an active n-doped germanium region grown on
an n-type substrate. We first propose to use a Schottky heter-
ostructure to inject carriers in n-doped germanium.
Electroluminescence can be observed at forward bias,'”
since minority carriers are also injected in the structure at
large current.'® We show that the deposition of a thin Al,O5
interfacial layer can drastically improve the carrier injection.
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Without this interfacial layer, the electroluminescence is
only observed above a certain threshold that corresponds to
the discontinuity measured in the I-V characteristic. We as-
sociate this kink to an undesirable potential barrier for hole
injection. The kink can be suppressed either under optical
pumping or by inserting an Al,O3 barrier. A smooth I-V
curve is then obtained and room-temperature electrolumines-
cence can be observed at any positive bias with a much
larger efficiency.

The studied samples were fabricated in a metal-organic
vapor phase epitaxy reactor that can handle both germanium
and III-V elements.”'?** As Ge and GaAs are nearly lattice-
matched, this provides a high quality Ge layer without a
defective region as the one present in Ge/Si heterostructures
due to misfit dislocations. We use isobutylgermane as pre-
cursor for the germanium. The n-doped Ge layers are
directly grown on an n-doped GaAs substrate (doping level
of 10'® cm™?). The Ge thickness is 300 nm and its n-doping
is around 1—1.5 x 10" cm 22! The samples were processed
into mesas with 20 x 20 um? typical dimensions. For electro-
luminescence measurements, a window opening at the center
(4 x 15 um®) of the processed mesa was fabricated in order
to collect the emitted light. A Ti/Au metal contact is then
directly deposited on Ge (Ger302A) or by inserting an Al,O3
intermediate barrier (Ger302B) before depositing an Al/Au
metal contact (200500 nm thickness). It is well known that
the Schottky barrier height for a metal/Ge interface has a
very weak dependence on the metal work function. The
Fermi level is pinned close to the charge neutrality level
which is close to the germanium valence band.? The electron
barrier height is thus close to the Ge band gap.
The introduction of a thin tunnel barrier like Al,O5 allows
the depinning of the Fermi level.> This interfacial layer can
passivate the interface states and reduce the metal-induced gap
states. We note that there are no general rules that can account
for Schottky barrier heights at the metal-semiconductor inter-
face without detailed knowledge of the interface.”” The
Al,O5 is only 1.2nm thick in order to minimize the tunneling
resistance.” The n-type GaAs substrate is used as contact layer,

© 2014 AIP Publishing LLC
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to provide low ohmic contact resistance and carrier confine-
ment in germanium. The ohmic contact is formed by an
Au/Ge/Ni/Au metal contact followed by a rapid thermal
annealing, prior to the Schottky contact metallization on ger-
manium to avoid interdiffusion.

Figure 1(a) shows the I-V characteristic of the standard
Schottky without interface barrier (Ger302A) as a function
of the temperature. In lightly doped semiconductor Schottky
junction, the current is driven by thermionic emission where
the carriers are thermally excited over the potential barrier.
But in heavily doped semiconductors, the length of the space
charge region formed by the Schottky barrier is very short.
This allows carrier tunneling through the barrier, and the cur-
rent is driven by field emission. A criterion allows one to
estimate which type of transport is predominant, depending
on the doping level, by evaluating the energy related to the
tunneling probability.”>* In the present case, the energy
related to the tunneling probability is close to the thermal
energy, which indicates that the transport mechanism is a
combination between the two contributions cited above,
called the thermionic-field emission. This behavior is
observed in the I-V measurements. The saturation current is

—y

-7
1078 570k 3
[ —— 240K
210K :
10'9 n T . X 1 N L
-1.0 -0.5 0.0 0.5 1.0

Vo (V)

FIG. 1. (a) Current vs bias for the standard Schottky sample (Ger302A) as a
function of temperature. The inset shows the hysteresis that occurs around
the discontinuity. (b) I-V curve for the sample with the interfacial Al,O5 bar-
rier (Ger302B) as a function of temperature. The surface is 20 x 11 um? and
24 x 15 um? for Ger302A and Ger302B, respectively.
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weakly dependent on the temperature, which is characteristic
of thermionic-field emission transport at the interface
between the metal and the semiconductor. The striking fea-
ture in Fig. 1(a) is the kink for the current observed under
forward bias. The abrupt change in current occurs at around
0.8 V at room temperature and the discontinuity value shifts
to higher voltage as the temperature is decreased. In the dis-
continuity region, the current increases by a factor of 3 for a
bias increase of 20mV. It occurs for large current in the mA
range corresponding to injected current densities in the
kA cm ? range. The curves presented in Figure 1 are
obtained by a single sweep from O to large bias. The I-V
curve corresponding to the first voltage sweep is usually
slightly shifted before the system can be stabilized. When
the voltage is decreased from high to low values, the I-V
curve exhibits a strong hysteresis, with the abrupt change in
the current occurring at a much lower bias (—0.2 V). This is
shown in the inset of Fig. 1(a). The I-V curves are signifi-
cantly different for the Schottky sample with the interfacial
barrier (Ger302B) as shown in Fig. 1(b). The discontinuity
disappears for temperatures down to 240K and can only be
slightly observed at 210 K. The Al,O3 barrier has thus sup-
pressed the mechanisms that were blocking the current. At a
fixed applied bias below the discontinuity, the injected cur-
rent density is larger for the sample with the interfacial bar-
rier. Similar behavior has also been observed with TiO,
interfacial layers on n-germanium.’ This is a consequence of
Fermi-level depinning at the metal-semiconductor interface,
the ultrathin insulator layer placed between the metal and the
semiconductor leading to a lowering of the Schottky barrier
height, and a stronger dependence on metals used.

In the following, we describe the electroluminescence
results obtained at room temperature with the n-doped ger-
manium Schottky samples grown on an n-type substrate.
Figure 2(a) shows the room temperature electroluminescence
spectra of the standard Schottky sample (Ger302A), while
Fig. 2(b) shows the electroluminescence of the Schottky
sample with the interfacial barrier (Ger302B). The electrolu-
minescence spectrum is dominated by the direct band gap
recombination observed around 1650nm for the standard
Schottky sample (Ger302A) and around 1570nm for the
Schottky sample with the interfacial layer (Ger302B).*> The
indirect band gap recombination is observed as a shoulder on
the low energy side (long wavelength between 1800 and
2000 nm) of the spectrum. It first indicates that electrolumi-
nescence can be observed under forward bias by applying a
Schottky contact on n-doped germanium. This represents a
major simplification for the design of electroluminescent
diodes. The observation of electroluminescence is a signa-
ture of minority carrier injection in the n-doped germanium
active layer.'® There are two major differences between the
spectra in Figs. 2(a) and 2(b). The direct band gap recombi-
nation is resonantly peaked around 1650 nm for Ger302A,
whereas the direct band gap recombination occurs around
1570 nm for Ger302B. For Ger302A, we can observe that the
resonance peak first shifts to short wavelength as the current
increases and then shifts to long wavelength at high current
when thermal effects are present. For the Schottky sample
with the Al,Oj3 barrier, only a red-shift is observed at high
current densities due to thermal heating of the sample. As
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FIG. 2. (a) Room temperature electroluminescence for the standard Schottky
sample (Ger302A) as a function of current. (b) Room temperature electrolu-
minescence for the sample with the interfacial Al,O3 barrier (Ger302B) as a
function of temperature. The vertical scale is different between figures (a) and
(b). The electroluminescence amplitude for Ger302B is much larger for a
reduced injected current. The diode areas are identical.

will be discussed below, we associate the difference of reso-
nance wavelength of direct band gap recombinations
between both samples (1570 nm vs 1650 nm) to the potential
profile between the Schottky contact and the semiconductor.
This results in spatially indirect radiative transitions for the
Ger302A sample and leads to lowering recombination
energy.”® As the applied bias is increased, the separation
between electrons and holes is decreased, thus reducing the
spectral shift between the direct band gap recombinations.
The spatially indirect transition also leads to a broadening of
the recombination as observed in Fig. 2(a). The indirect band
gap recombination (in k-space) is not significantly affected
by this effect as it mostly stems from a zone far from the sur-
face, whereas the direct band gap recombination is stronger
close to the surface, as a consequence of reabsorption. The
second main difference is that electroluminescence is only
observed for an applied bias larger than the one correspond-
ing to the I-V discontinuity, i.e., at large current densities. It
is not the case for the sample with the interfacial barrier
where electroluminescence is easily observed at smaller cur-
rents. This behavior is summarized in Fig. 3 that depicts the
electroluminescence amplitude at peak maximum as a func-
tion of current density. The sample with the Al,O; interfacial
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FIG. 3. Comparison of electroluminescence peak amplitude as a function of
the injected current density for standard Schottky sample (triangle) or for
the sample with the interfacial Al,O5 barrier (squares).

barrier exhibits significantly higher photoluminescence am-
plitude along with a significantly larger differential variation.
It indicates that minority carrier injection, which is necessary
to observe radiative recombinations, is much favored for
sample Ger302B. Similar results were obtained for pulsed
current injections. With a duty cycle of 10%, the amplitude
of the measured electroluminescence is linear with the
applied current up to 13kA cm ™2 without any redshift in the
peak wavelength. The superlinear dependence shown in
Fig. 3 is mainly due to heating effect, which is consistent
with a redshift in the peak wavelength.''

The information brought by electroluminescence spectra
is very complementary with the one obtained by standard
I-V measurements. One can distinguish between majority
and minority carrier injection, as holes are necessary to
observe radiative recombination with n-doped layers. We
have performed the same -V measurements as reported in
Fig. 1 under optical pumping. The striking feature is that the
discontinuity in the I-V curve for the standard Schottky sam-
ple disappears under optical pumping for pump intensities
larger than 3W cm ™2 at 632.8 nm. It indicates that the states,
which are blocking the current injection, can be saturated
under optical injection in the same way that they are
quenched with the interfacial Al,O3 barrier. We thus propose
the schematics band diagram shown in Fig. 4 to explain the

(a) (b)

Potential well
for holes

Ger302B with

Ger302A interfacial barrier

FIG. 4. Schematic band diagram for the standard Ger302A Schottky sample
(a) and (b) for the sample with the interfacial Al,O3 barrier (Ger302B). The
dashed line represents the Fermi level. The gray area represents the metal.
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experimental results. Fig. 4(a) shows the band diagram for
the standard Schottky sample, while Fig. 4(b) shows the
band diagram for the Schottky sample with the interfacial
barrier. There is a breaking of the lattice periodicity at the
semiconductor interface. It leads to the formation of inter-
face states which are a mixture of acceptor-like conduction
band states and donor-like valence band states.” For n-doped
germanium, a large negative charge can be trapped at the
interface. It can lead to the formation of a potential well for
the hole minority carriers as well as a barrier potential for
electron injection. The injected holes are preferably trapped
in this potential, thus limiting the radiative recombination.
As the current density increases, the well starts to be filled
and at a critical value for the charge carrier concentration,
there is a reduction of the potential barrier, which results in
an abrupt increase of the current as observed in the -V
curve. This blocking barrier for minority carrier explains that
no electroluminescence is observed below the I-V disconti-
nuity for the standard Ger302A sample. It also explains the
red-shift of the recombination as compared to photolumines-
cence, since spatially indirect recombination is likely to
occur between holes trapped in the well and electrons in the
n-doped layer. This band diagram is also consistent with the
fact that the abrupt change in the I-V curve disappears when
the measurements are performed under optical pumping. In
the latter case, the minority photo-induced carriers can fill
the potential well, thus decreasing the potential barrier
height. Finally, this diagram is consistent with the hysteresis
behavior observed with sample Ger302A. Once the potential
well is filled, the injected current can remain large even for
bias values below the threshold. This is achieved when the
bias is swept from high to low values, up to the point where
the potential well is depleted. Similar interface band diagram
has also been observed in the case of GalnP/Ge sub-cells
integrated in multi-junction solar cells.”” We note that the
two band diagrams presented in Fig. 4 are consistent with
the metal-induced gap state theory originally introduced by
Heine®® and Tersoff’s branch-point theory.” The insertion
of the interfacial Al,O3 barrier suppresses or at least strongly
diminishes the interfacial state density and the potential well
for minority carriers, thus modifying the Fermi level pinning
by the passivation of the dangling bonds of the semiconductor
substrate as discussed in detail by Monch.* It also lowers the
potential barrier for electron injection. Consequently, there is
no abrupt change in the current density vs. bias and the current
density is larger for the same applied bias as compared to the
standard Schottky sample. The injection of minority carrier is
enhanced, thus explaining that electroluminescence can be
observed at much lower current densities and with a higher
differential efficiency. The depinning of the Fermi level by
the interfacial layer is thus beneficial for both electron and
hole carrier injection. Further investigations based, for exam-
ple, on ab initio calculations would be required in order to
accurately describe the changes at the interfaces.”

In conclusion, we have shown that room-temperature
electroluminescence can be obtained under forward bias
with Schottky contacts on n-doped germanium grown on an
n-type substrate. The insertion of a thin Al,O5 interfacial
layer can drastically improve the carrier injection. It sup-
presses the abrupt change in the I-V curve and allows one to

Appl. Phys. Lett. 104, 241104 (2014)

observe electroluminescence at much smaller current injec-
tion with a higher differential efficiency. We have explained
the observed properties by the formation of a potential well
for minority carriers in the case of the standard Schottky
sample. This barrier is suppressed by introducing the thin
interfacial layer. We expect that these results will have an
impact for the design of germanium-based emitters for sili-
con photonics. These results also indicate that valuable infor-
mation can be obtained on metal/germanium interface by
combining standard electrical ~measurements  with
room-temperature electroluminescence measurements.
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