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Certain GeSn alloys are group IV direct bandgap semiconductors with prospects for electrical and
optoelectronical applications. In this letter, we report on the temperature dependence of the
electrical characteristics of high Sn-content Ge( g9Sng 11 p-i-n diodes. NiGeSn contacts were used
to minimize the access resistance and ensure compatibility with silicon technology. The major
emphasis is placed on the negative differential resistance in which peak to valley current ratios up
to 2.3 were obtained. TCAD simulations were performed to identify the origin of the various
current contributions, providing evidence for direct band to band tunneling and trap assisted
tunneling. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927622]

The recent experimental proof of GeSn as group IV
direct bandgap semiconductor' will stimulate novel applica-
tions in photonics and electronics. Due to its low direct
bandgap energy and silicon compatibility, GeSn alloys are
particularly interesting for tunneling field-effect transistors
(TFETs) for ultra-low power electronics.>? p-i-n diodes
are the basic building blocks of tunneling-FETs enabling
band-to-band tunneling (BTBT) allowing the extraction of
material parameters such as tunneling masses.* Since the first
demonstration of a tunneling diode by Esaki,” showing the
characteristic negative differential resistance (NDR), tunnel-
ing diodes have been fabricated with different indirect group
IV semiconductors such as Si,6 Ge,7 and SiGe.® However,
the highest tunneling current densities were achieved on
direct, low bandgap III-V semiconductors like InAs’ adding
sustained effort for integrating III-V semiconductors on Si
wafers. Recently developed GeSn alloys with Sn contents
above 10% provide new perspectives for Si electronics by
combining the advantages of III-V compounds as low effec-
tive mass of I'-electrons and the direct bandgap with state-
of-the-art Si platform technology. Several papers on GeSn
MOSFETs'"!"" and even TFETs*'? have demonstrated that
GeSn alloys can be technologically integrated. However,
these devices had low Sn-contents below the indirect to
direct transition.

In this letter, we present the fabrication and electrical
characterization of direct bandgap group IV p-i-n diodes
with emphasis on BTBT. First, we address intrinsic material
properties, as bandgap and effective masses, obtained by cal-
culations followed by the electrical characterization of Esaki
tunneling diodes. Finally, the experimental results are com-
pared with device simulations.

GeSn alloys pseudomorphically grown on Ge are under
high biaxial compressive strain and thus are indirect semi-
conductors even with Sn contents of 10%."* By reducing
the compressive strain, e.g., by growing thicker layers, the
I'-valley decreases faster in energy than the L-valley and
GeSn becomes a direct semiconductor.'? Fig. 1(a) depicts
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the calculated bandgap vs. compressive strain, as obtained
by the 8 x 8 k- p method including strain,'* pointing out
the necessity of strain relaxation for achieving direct
bandgap GeSn. The strain at which this transition takes
place depends on the Sn content and for GeggoSng 1, rele-
vant in this work, is about —0.8% (Fig. 1(a)). In addition to
the advantage of a direct bandgap, GeSn layers offer also
smaller effective masses for both holes and electrons'> sug-
gesting themselves for tunneling based devices as TFETs. '3
The heavy hole (HH), light hole (LH), and the I'-valley
electron masses in-plane [100] and out of plane [001] direc-
tion as calculated with the 8 x 8 k-p method including
strain'* are plotted in Figs. 1(b) and 1(c) for a set of Sn
contents. The HH mass in tunneling direction [001] is inde-
pendent of strain and decreases only slightly from 0.221 my
to 0.219 my when the Sn-content changes from 9% to 12%,
respectively. Here, strain relaxation is beneficial as well
enabling small tunneling masses and consequently high
BTBT-rates. Independent of the directness (E.—Er) of the
GeSn alloys, compressive strain splits the valence band
such that the HH becomes top in energy. The I'-HH and
I'-LH transitions are both direct tunneling processes
without any change of the in-plane wave-vector kj.
However, due to p, ,-symmetry of HH wave-functions and
s-symmetry of conduction bands wave-functions, the tun-
neling is not possible at k= 0, but it sets in as K increases,
due to band-mixing. The I'-LH tunneling is possible even
for k| = 0. Important factors influencing the tunneling cur-
rent are [ and L densities of states (DOS) defining the pop-
ulation of the electronic states. This is shown in Fig. 1(d) as
a function of temperature for different doping levels. The
I'-electron density increases with decreasing temperature,
as electrons condensate into the lowest energy levels, but
their fraction becomes lower with increasing doping: it is
100% for a total electron density of 1 x 10" cm™ but it
decreases to just 32% for 10"®cm ™ total electron density.
The remaining electrons reside in the L-valley. Table I
summarizes the material parameters at 300 K for the alloys

© 2015 AIP Publishing LLC
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FIG. 1. Calculated (a) bandgap, (b) I"-electron effective mass, and (c) lowest
hole effective masses for GeSn alloys with Sn contents between 9% and
12% as function of biaxial compressive strain. (d) I"-valley population for
Geg9Snp.;; under compressive strain of —0.55% for different n-type
doping.

discussed in this letter. These values are later used in
TCAD simulations of the tunneling diodes.

Epitaxial growth of the GeSn layer stack was performed
in an industry-compatible 200mm AIXTRON TRICENT®
reduced pressure chemical vapor deposition (CVD) reactor.
Precursors as Ge,Hg and SnCly enable the growth of GeSn
alloys at temperatures of about 350 °C without undesired Sn
segregation and surface precipitations.'® For a high quality
of the GeSn alloys and an easier device fabrication, the com-
plete p-i-n layer stack was grown on a 2.5 um thick highly
p*-doped17 (B, 2 x 10" cm™?) Ge virtual substrate (Ge-VS).
The latter was grown on Si(001) using GeHy and B,Hg.!”
In order to avoid implantation induced damage, in-situ
doped p" and n" type doped GeSn layers were epitaxially
grown using B,Hg and PHj3, respectively. The electrically
active carrier concentrations in the doped GeSn layers
were about 2 x 10'cm 2 in the bottom 50 nm GeSn layer
(B, p-type) and 1 x 10*°cm ™~ (P, n-type) in the top 80 nm
GeSn alloy as determined by electrochemical capacitance-
voltage (ECV) profiling (see Fig. 4(a)). The scope of this
letter is to show band-to band tunneling in a direct bandgap
alloy. To that end, the GeSn layers are grown thicker than
the critical thickness for plastic relaxation in order to pro-
mote strain relaxation and thereby realize an indirect to
direct bandgap transition. The residual compressive strain
in the partially relaxed Gegg9Sng; alloy is —0.55%. Sn-
concentrations and strain values have been verified using
Rutherford-backscattering-spectroscopy and x-ray diffrac-
tion, respectively.
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FIG. 2. GeSn p-i-n diode: (a) device sketch; (b) TEM micrograph of NiGeSn
on GeSn showing a smooth interface and a well oriented NiGeSn as can be
seen by the FFT-inset; and (c) SEM-image of a fabricated p-i-n diode.

GeSn p-i-n diodes were processed by applying standard
CMOS technology like reactive ion etching (RIE), optical li-
thography, and NiGeSn contacts. However, in order to avoid
Sn diffusion, low temperature process modules, below
325°C, have been developed. A sketch of the device and the
layer stack is shown in Fig. 2(a). First, a 250 nm deep mesa
was etched by RIE in order to contact the highly p-doped
bottom layer. The following steps were SiO, passivation by
plasma enhanced chemical vapour deposition, contact win-
dow opening by RIE and NiGeSn metal contact formation.
As can be seen in Fig. 2(b), the NiGeSn forms a smooth
semiconductor-metal interface. The formation of the low
resistive well oriented NiGeSn contact has been previously
studied'® and will not be discussed here any further. The fab-
rication completes with deposition of 200 nm thick Al bond-
ing pads. Fig. 2(c) depicts a SEM image of the fabricated
device.

Temperature dependent I-V characteristics of a p-i-n-
diode with a diameter of 50 um are shown in Fig. 3(a). A dis-
tinct region of negative differential resistance is observed for
temperatures below 175 K. Three different regimes, typical
for Esaki diodes, can be identified: (i) band-to-band tunnel-
ing, (ii) excess current due to trap assisted tunneling (TAT),
and (iii) drift-diffusion by thermal emission of carriers over
the potential barrier. For strong reverse bias, the current only
slightly increases with temperature. This is a typical behav-
ior for direct band-to-band tunneling where no phonons are
required for momentum conservation.* Here, the band-
to-band tunneling rate increases as the bandgap decreases
with increasing temperature. The situation is different for
slightly positive voltages below the peak-current voltage
where BTBT is still dominant, but the band overlap of con-
duction and valence bands of the n- and p-type regions is
small. Here, the current increases with decreasing tempera-
ture which can be explained as follows. The energy

TABLE I. Material parameters of GeSn alloys grown on a Ge-VS under slight tensile strain of 0.15%, obtained by 8 x 8 k - p method. The Ge-VS top valence
band defines the zero energy. Energies in (eV), masses in (mg); 1 =[001] and t =[100] direction.

Xsn € (%) Enn Ern Er EL My MLH MHHL My mry mry my my
0.11 —0.55 0.131 0.079 0.638 0.651 0.046 0.022 0.023 0.220 0.029 0.033 0.08 1.559
0.098 —0.37 0.109 0.073 0.640 0.648 0.050 0.022 0.025 0.221 0.030 0.033 0.08 1.559
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FIG. 3. (a) I-V characteristics of a p-i-n diode with 50 ym diameter showing NDR for 7' < 175 K. (b) Zoom of the NDR region indicating the temperature de-
pendence of the current components. (c) PVCR for different diode sizes plotted against the temperature. The PVCR depends almost linear on the temperature.
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FIG. 4. (a) (Top) Doping profile as obtained by ECV (dots). The fit (dashed line) has been used for the simulation of the electronic band structure alignment of
the GeSn p-i-n diode at T=300K (bottom). (b) and (c) Simulated I-V Esaki diode characteristics: (b) temperature dependence and (c) current components at

300K.

separation of the I'- and L-valleys in the present layer struc-
ture is very small, about 13 meV. Consequently, both the I'-
and L-valleys are populated at 300K (Fig. 1(d)). By decreas-
ing the temperature, electrons condensate into the I'-valley.
As the BTBT-probability for direct tunneling is much higher
than for indirect tunneling, the increased I'-population leads
to an increased tunneling current for lower temperatures at
low bias (Fig. 3(b)). A further increase of the applied voltage
suppresses the BTBT as conduction band of the n-type
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FIG. 5. Esaki diode characteristics for different diode sizes normalized by
the area of the top ring electrode. In reverse bias, dominated by BTBT, the
I-V curves overlap for different diode sizes as the BTBT-current scales with
the junction area. In forward bias, TAT is dominating which does not scale
with the junction area.

region and valence band of the p-type region do not overlap
anymore (Fig. 4(a)) resulting in a decrease of the current and
giving rise to a NDR. Peak to valley current ratios (PVCR)
of 2.3 and ~2 have been measured at 4K for diodes with
50 um and 100 um diameters, respectively. Above 0.1V, the
BTBT is overlapped by TAT that strongly depends on tem-
perature and causes an excess current. As a consequence, the
valley current increases with temperature leading to a typical
roughly linear dependence of the PVCR on temperature®
(Fig. 3(c)). For larger forward biases, thermal emission over
the p-i-n junction barrier comes into play. The low bandgap
value of 0.5eV leads to a strongly enhanced diffusion cur-
rent. Furthermore, as the (pseudo) intrinsic region is fairly
large, the BTBT probability is small in moderate forward
bias. Thus, above 175K diffusion and TAT currents domi-
nate and NDR vanishes. To analyze the physical mecha-
nisms, simulations using a non-local BTBT model of the
TCAD simulator Synopsys Sentaurus Device were per-
formed. The input material parameters are summarized in
Table I. The calculated real-space band structure of the p-i-n
diode for different applied voltages is shown in Fig. 4(a),
indicating clearly a conduction band to valence band overlap
of roughly 0.14 eV at zero bias which is crucial for achieving
NDR. The simulated Esaki diode characteristics for 300 K
are shown in Fig. 4(c). It should be pointed out that although
I'- and L-valleys have nearly the same energy, and the
L-valley DOS is larger than for the I'-valley, the contribution
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of direct BTBT is ~1000 times higher than indirect BTBT
due to the significant differences in the effective masses and
no-phonon involvement. At 300K, in forward bias, the
strong contribution of diffusion current is masking the
NDR effect. As the simulation takes into account Shockley-
Read-Hall generation/recombination but not TAT, the NDR
is visible at higher temperatures than found experimentally.
The voltage region of the NDR and the current density
values are in good agreement with the experimental data.
Further analysis revealed the contributions of BTBT and
TAT by comparing different diode sizes. The fabricated
p-i-n diodes feature ring contacts instead of classical circular
contacts, suitable for light emitting diodes based on the
direct bandgap of the Ge( g9Sng 1, alloy. The analyses of the
I-V characteristics for different diode sizes, Fig. 5, indicate
as expected that the current in reverse bias scales with the
top NiGeSn ring contact area rather than with the circular
area of the diode. In reverse bias, BTBT dominates and
scales with the junction area. However, in forward bias, TAT
dominates which does not scale with the contact area. This is
also reflected in Fig. 3(c) showing the PVCR for different
temperatures and diode diameters. For larger diodes, the
PVCR is smaller and the NDR vanishes at lower tempera-
tures indicating that the contribution of TAT is more
pronounced for larger diodes. Point defects are typically
incorporated in epitaxial layers grown at lower temperatures,
here 350°C, and presumably the main source of TAT.
Optimized GeSn p-i-n structures with a thinner intrinsic
region, improved doping profiles, and even lower bandgap
are expected to increase the tunneling currents and to reach
higher temperature NDR.

In conclusion, we have presented the characterization of
GeSn tunneling diodes as a function of temperature. The
BTBT current in the direct bandgap GepgoSng; diodes
scales with the contact area. An NDR effect with a PVCR up
to 2.3 has been achieved at low temperatures. The appear-
ance of TAT is attributed to point defects which may stem
from the ultralow temperature CVD growth. Band-structure
and device simulations provided deeper insight in the benefit
of direct tunneling even for only slightly direct GeSn alloys
due to small effective masses. Further analysis of GeSn tun-
neling diodes will provide important data such as tunneling

Appl. Phys. Lett. 107, 042101 (2015)

masses. The realization of Esaki type GeSn represents an im-
portant step towards advanced Si-based tunneling-FETs.
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UltraLowPow (16ES0060 K).
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