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A method to improve Ge n+/p junction diode performance by excimer laser annealing (ELA) and epitaxial Si passi-
vation under a low ion implantation dose is demonstrated. The epitaxial Si passivation layer can unpin the Fermi level of
the contact of Al/n-Ge to some extent and reduce the contact resistance. In addition, the fabricated Ge n+/p junction diode
by ELA plus epitaxial Si passivation exhibits a decreased reverse current density and an increased forward current density,
resulting in a rectification ratio of about 6.5×106 beyond two orders magnitude larger than that by ELA alone. The reduced
specific contact resistivity of metal on n-doped germanium and well-behaved germanium n+/p diode are beneficial for the
performance improvement of Ge n-MOSFETs and other opto-electronic devices.
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1. Introduction

Germanium is a promising alternative channel mate-
rial for the extremely downscale complementary metal ox-
ide semiconductor (CMOS) technology due to its higher car-
rier mobility and lower processing temperature compared
to silicon (Si).[1,2] Significant progress has been made in
p-MOSFETs, while for n-MOSFETs there are still some
hindrances.[3,4] One of them is the large parasitic resistance in
source/drain,[5] which is dominated by the contact resistance
in ultrascaled CMOS and required to be addressed for enhanc-
ing the current drive capability.[6–8] However, ohmic contact
to n-Ge with low resistivity is difficult to achieve. On one
hand, the low n-type dopant solid solubility and high diffusiv-
ity result in poor dopant activation and large junction depth.
On the other hand, the Fermi level at the metal/Ge contact in-
terface is fixed to the valance band edge of Ge irrespective
of the metal, which results in a high electron Schottky barrier
height (SBH).[9] In addition to the large parasitic resistance,
typical Ge n+/p junctions formed by conventional implanta-
tion also suffer from implantation-induced damage and a large
number of defects on the Ge surface evaluated as the inter-
face trap density that causes high reverse junction leakage[10]

and may cause charge trapping near the source/drain (S/D)
junctions.[11]

Several approaches have been proposed to reduce the
contact resistance to n-Ge, such as the suppression of the
Fermi-level pinning by the introduction of ultrathin SiN[12]

and Ge3N4
[13] layers or by epitaxial Si passivation.[14] The

specific contact resistivity (ρc) was reduced to 10−6 Ω·cm2 by

using a Si interfacial layer.[14] Alternatively, Sb δ -doping,[15]

dopant segregation during Ni germanidation,[16,17] and ex-

cimer laser annealing (ELA)[18,19] were used to obtain high

doping concentrations and ohmic contacts. Compared with

other annealing methods, such as furnace annealing,[20] rapid

thermal annealing (RTA),[21] millisecond flash annealing,[22]

micro wave annealing,[23] ELA has its unique advantages:[24]

the laser pulse duration is extremely short (25 ns), resulting in

less dopant diffusion and loss; its annealing temperature can

be up to materials’ melting point, which makes sure enough

activation of the implanted dopants occurs; it is a meta-stable

process, allowing an active dopant concentration beyond the

solubility limit. Furthermore, it has been proved to be very

efficient for healing ion implantation damages. ELA is a very

promising annealing method to achieve a higher n-type dop-

ing concentration, a lower contact resistance, as well as the

defect-free ion implanted-Ge.[18,19]

In this paper, we demonstrate a method to improve Ge

n+/p junction diode characteristics by the combination of ELA

and epitaxial Si passivation under a low ion implantation dose.

It is observed that the epitaxial Si passivation layer could un-

pin the Fermi level to some extent and reduce the contact re-

sistance. A better-behaved Ge n+/p junction diode has been

achieved by ELA with epitaxial Si passivation.
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2. Experiment
A Ga-doped p-type Ge(100) wafer with a resistivity of

0.088 Ω·cm (doping concentration of 8×1016 cm−3) was used
as a substrate. The Ge wafer was circularly degreased in an
ultrasonic bath of acetone and ethanol, immersed in hydroflu-
oric acid solution (HF: H2O = 1: 50) to remove the native ox-
ide, rinsed with deionized water, and then finally blown dry
by nitrogen. Prior to ion implantation, a 15 nm SiO2 film was
deposited on the Ge surface by plasma-enhanced chemical va-
por deposition. Phosphorus was implanted at energy of 10 keV
and low dose of 1×1014 cm−2. Before performing any anneal-
ing process, the SiO2 on the surface was removed using con-
centrated hydrofluoric acid HF at room temperature (25 ◦C)
and then rinsed in deionized water for 10 min to remove the
surface native oxide layer, which is supposed to act as an
oxygen contaminant source during the post-implantation ELA
process on Ge implanted with B.[22,24] One-pulse laser anneal-
ing with laser energy density of 150 mJ/cm2 was performed in
ambient nitrogen using a 248 nm KrF excimer laser with a
pulse duration of 25 ns. The laser spot size was 4 mm×3 mm,
and continuous stepping in X and Y directions was carried out
to cover the whole sample. Then, the samples were cleaned
with diluted hydrofluoric acid, and loaded into the UHVCVD
chamber. After a 400 ◦C–10 min bake, a high quality Si layer
with several-monolayer-thick was grown on the samples using
disilane (Si2H6) with a flow rate of 1 sccm as the precursor at
390 ◦C in 10 min.[25,26] The patterns of Al contacts to n+-Ge
for circular transmission line measurements (CTLM) and Ge
n+/p junction diodes with a 100-µm-diameter mesa were de-
fined by standard photolithography and dry/wet etching with
oxide hard masks. A 300 nm Al film was sputtered on the
backside of the Ge wafer as the other electrode. For com-
parison, the contact of Al/n+-Ge and Ge n+/p diode without
epitaxial Si passivation layer was also fabricated.

3. Results and discussion
A Si passivation layer must be thick enough to passivate

the Ge surface, on the other hand, it must be sufficiently thin to
minimize the effect on series resistance and defect generation
during growth. The optimal thickness has been proved to be
a few monolayers.[12,13] Furthermore, the Ge surface rough-
ness has a great influence on the leakage current of the device.
The surface morphologies of the laser annealed samples before
and after Si passivation were characterized by atomic force mi-
croscopy (AFM), as shown in Fig. 1. It can be seen that the
root-mean-square (RMS) surface roughness of the samples be-
fore and after Si passivation is 0.16 nm and 0.17 nm, respec-
tively. The surface is very smooth for all the samples, which
meets the request of the device’s preparation. The ex situ x-
ray photoelectron spectroscopy (XPS) spectra of the samples

with Si passivation are shown in Fig. 2. From Fig. 2(a), we
can see Si 2p peak coming from elemental Si and SiO2, which
confirms the coverage of Si layer on the Ge surface. Moreover,
the thickness of the Si layer was determined to be ∼ 0.94 nm
from the attenuation of the Ge 3d peak intensity, as shown in
Fig. 2(b).

(a) (b)

1T1 mm2

Fig. 1. (color online) The typical 1 µm×1 µm AFM images of the
samples before (a) and after (b) Si surface passivation.
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Fig. 2. (color online) XPS spectra of germanium surface with silicon
interlayer deposited at 390 ◦C with Si2H6 gas: (a) Si 2p, (b) Ge 3d.

The specific contact resistivities (ρc) of Al/n+-Ge con-
tacts with CTLM structures of the samples after ELA with and
without Si passivation were measured to investigate the electri-
cal properties of phosphorus-implanted Ge. The relatively low
laser energy density was used to diminish the phosphorus dif-
fusion depth.[19] CTLM structures consist of a circular metal
pad separated from a larger metal pad by a ring of semiconduc-
tor material with inner radius (r0) of 80 µm and gap spacing
from 10 µm to 80 µm. Applying a bias voltage between the
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two pads for different gap spacings to obtain the resistance,
we can plot the resistance versus gap spacing. Then, a lin-
ear fit was used to extract the sheet resistance RS and transfer
length LT. The specific contact resistivity can be calculated as
ρc = RS · L2

T. Figure 3(a) shows the dependence of the con-
tact resistance on the gap spacing of the samples after ELA
with and without Si passivation. The extracted value of ρc is
about 6.8×10−4 Ω·cm2 for the sample without Si passivation
and 3.14×10−5 Ω·cm2 for that with Si passivation. Compare
with other reports, the value of ρc with Si passivation is not
the best result. However, under a very low ion implantation
dose of about 1014 cm−2, the value of ρc is decreased beyond
one order of magnitude by combining Si passivation and laser
annealing. It is a very considerable improvement and may
provide a promising method to achieve extremely low specific
contact resistivity of metal to n-Ge. In order to obtain a lower
ρc, more works, such as the optimization of ion implantation
and annealing condition, will be needed.
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Fig. 3. (color online) (a) Dependence of CTLM resistance on gap spac-
ing for Al/n+-Ge contacts. The inset shows the CTLM schematic struc-
ture (top view). (b) Current–voltage characteristics of Al/n-Ge contacts
with and without Si passivation.

It was reported that the specific contact resistivity of
metal/n-Ge is related to the doping level and SBH.[27] The
higher doping concentration and lower SBH could lead to a
lower specific contact resistivity. As for the contact of Al/n-
Ge with and without Si passivation, Schottky diodes were fab-
ricated using n-type Ge(100) substrates with resistivities of

0.1 Ω·cm. A shadow mask with circular patterns was fixed
on the front side of the Ge substrate to form Al contacts with a
diameter of 0.8 mm. And then, 300 nm thick Al was deposited
on the backside of the Ge as the ohmic back contact. Fig-
ure 3(b) demonstrates the typical current density–voltage (J–
V ) characteristics of Al/n-Ge Schottky diodes with and with-
out Si passivation. This figure indicates that the reverse satura-
tion current density of the diodes increases, and the rectifying
ratio decreases by inserting the Si passivation layer. To extract
the SBHs, the thermionic emission model for Schottky contact
is employed to fit the current–voltage characteristics with the
formula

I = Is(exp((V − IRs)/nkT )−1),

Is = AA∗T 2exp(−qφB/kT ),

where φB is the barrier height for electrons. A is the contact
area, and A∗ = 140 A/cm2·K2 is the Richardson constant for
n-Ge(100). The series resistances Rs and the ideality factor
n are considered as adjustable parameters. By fitting to the
experimental data in Fig. 3(b), the SBHs (φB) and ideality
factors (n) for Al/n-Ge and Al/Si passivated n-Ge contact are
extracted to be 0.62 eV, 1.1 and 0.53 eV, 1.25, respectively.
The barrier height for Al/n-Si is fitted to be about 0.5 eV in
our work (not shown here). The reduction of SBH could be
due to a larger depinning factor S = 0.27[28] of Si than that
of Ge (S = 0.05).[9] Moreover, an important aspect of the Si-
passivation is the potential presence of a high barrier at the Si–
Ge interface. However, the Si thickness is just below 0.94 nm,
Si on Ge shows a small difference in electron affinity and
hence a very small electronic barrier. So the lower specific
contact resistivity for the sample of Al/n+-Ge with Si passiva-
tion could be attributed to SBH’s reduction of the contact of
Al/n-Ge after Si passivation.

The current–voltage characteristics of the Ge n+/p junc-
tions formed by ELA with and without Si passivation are
shown in Fig. 4. The inset shows the diode schematic with
cross-sectional view. The reverse current density (at −1 V),
ideality factor, and rectification ratio of the diode after ELA
alone are about 1.93×10−2 A/cm2, 1.68, and 1.13×104, re-
spectively, while the diode achieved by ELA plus Si passi-
vation owns an obviously reduced leakage current density of
1.05×10−4 A/cm2, and an ideality factor of 1.06. Moreover,
for the diode formed by ELA and Si passivation, a higher for-
ward current in the series resistance limited regime is obtained,
which is mainly attributed to the series resistance in the junc-
tion diode because of the reduced specific contact resistivity
about Al/n+-Ge. In addition, the Si passivation layer was
grown on the surface of P-implanted Ge at 390 ◦C–10 min,
which can not only reduce the defect density but also pas-
sivate the diode’s surface as confirmed by the lower ideality
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factor (1.06). Both of them result in a lower reverse current
density. As result, the diode achieved by ELA plus Si passi-
vation shows a rectification ratio of about 6.5×106, which is
two orders magnitude larger than that by ELA alone. There
have been many reports[19,29–33] on the fabrication of Ge n+/p
junction diodes, in which high performance with high rectifi-
cation ratio of about 107 was achieved. However, most of them
required a high n-type ion implantation dose (> 1015 cm−2)

for high doping concentration and well-behaved ohmic con-
tact. In this paper, a very high rectification ratio is obtained
under a so low ion implantation dose (1014 cm−2) by combin-
ing with the epitaxial Si passivation.
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Fig. 4. (color online) I–V characteristics of Ge n+/p junctions formed
by ELA with and without Si passivation. The inset shows the diode
schematic with cross-sectional view.

4. Conclusions

An epitaxial Si passivation layer can unpin the Fermi level
of the contact of Al/n-Ge to some extent and reduce the con-
tact resistance. The specific contact resistivity of Al/n+-Ge is
reduced from 6.8×10−4 Ω·cm2 for the sample without Si pas-
sivation to 3.14×10−5 Ω·cm2 for that with Si passivation. Fur-
thermore, the fabricated Ge n+/p junction diode by ELA plus
epitaxial Si passivation exhibits a decreased reverse current
density of about 1.05×10−4 A/cm2, increased forward current
density, a smaller ideality factor of 1.06, and a larger rectifica-
tion ratio of about 6.5×106 compared to the diode achieved
by ELA alone. The reduced specific contact resistivity of
metal on n-doped germanium and well-behaved germanium
n+/p diode are beneficial for the performance improvement of
Ge nMOSFETs.
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