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We propose a germanium fin light-emitting diode for a monolithic light source on a Si photonics

chip. The germanium fins were fabricated by the oxidation condensation of silicon-germanium

sidewalls epitaxially grown on silicon fins. We found that a tensile stress is applied to the pure

germanium fins by the difference of the thermal expansion coefficient with that of the surrounding

oxide. The electroluminescence spectra were consistent with those expected from direct

recombination in germanium with a tensile stress. The strong immunity of germanium fins against

high current densities would be favourable to achieve population inversions by electrical pumping.
VC 2011 American Institute of Physics. [doi:10.1063/1.3670053]

Silicon (Si) photonics is making destructive innovation

for optical interconnections in terms of low cost, high vol-

ume, and integration of electronics and phtonics devices on a

tiny Si chip.1,2 But, the only missing component to realize

full monolithic integration in a conventional complementary-

metal-oxide-semiconductor (CMOS) fabrication line is an

electrically pumped laser diode (LD) composed of group IV

materials, regardless of substantial progresses in light emis-

sions from Si nano-structures.3–7 Germanium (Ge) is a possi-

ble alternative candidate to Si,8–14 since the conduction band

energy of Ge at the C point is much lower than that of Si,

and therefore, the properties of Ge are rather close to those

of III-V compounds with the direct band gap.10,11 In fact, the

optical pumped laser10 of Ge epitaxially grown on Si was

achieved by the band engineering with a tensile strain and a

donor doping at the L valleys.10–13 However, the lasing of an

electrical pumped Ge-on-Si diode has never been demon-

strated. The exact nature of the mechanism why electrical

pumping is more difficult has not been completely clarified

yet, but several promising attempts such as the higher donor

doping10,12 and the higher tensile stress13,14 were reported.

In addition to these approaches, we think that it is important

to improve the crystalline quality of Ge, since the huge lat-

tice mismatch of 4.1% between Ge and Si generates signifi-

cant amounts of defects, which would act as non-radiative

recombination centers, and the state-of-the-art Ge-on-Si

diode would be broken without being in population inversion

conditions at high injection currents.

The purpose of this paper is to propose a device, called

a Ge fin light-emitting diode (FinLED) (Figs. 1(a)–1(c)), and

to examine its structural advantage for overcoming the fun-

damental difficulty of the lattice mismatch. The proposed Ge

fins are embedded in amorphous SiO2, and there is no source

of compressive lattice stress subject to Ge fins, in contrast to

Ge films directly grown on Si. Therefore, we expect excel-

lent crystalline qualities of the Ge fins, which should be con-

firmed by electrical measurements in ultralow dark currents

under the application of the reverse bias to the diode.

A similar device, called Si fin field-effect transistor (Fin-

FET), was proposed as a double gate transistor at the end of

the CMOS scaling,15 and a Si chip with billions of integrated

Si FinFETs will be launched in the 22 nm technology. The

three-dimensional (3D) structures of Si fins are also suitable

to realize the multiple quantum wells (MQWs) in Si Fin-

LEDs.7 The SiGe FinFETs (Ref. 16) were also fabricated to

enhance the hole mobility by the oxidation condensation

techniques.16,17 The present pure Ge fins can be made by the

extensions of previous works,7,15,16 and Ge FinLEDs will be

integrated with Si or Ge FinFETs on the same chip by small

modifications of the process steps.

The essential process flow to fabricate the Ge fin is

shown in Figs. 1(d1)–1(d4). We used a Si-on-insulator (SOI)

substrate, whose top SOI layer has (001) surface and the hor-

izontal (longitudinal) direction is along the h100i (h010i)
direction. The Si fins were defined by conventional
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FIG. 1. (Color online) Ge FinLED. Schematic views of device structures

from (a) vertical h001i, (b) horizontal h100i, and (c) longitudinal h010i
directions. Active channel width W (length L) is 100 (1) lm. (d1)-(d4) Fabri-

cation flow of Ge fins.a)Electronic mail: shinichi.saito.qt@hitachi.com.

0003-6951/2011/99(24)/241105/3/$30.00 VC 2011 American Institute of Physics99, 241105-1

APPLIED PHYSICS LETTERS 99, 241105 (2011)

http://dx.doi.org/10.1063/1.3670053
http://dx.doi.org/10.1063/1.3670053


lithography and dry etching processes with SiO2 hard masks

(Fig. 1(d1)). After the formation of multi-fins, the heavily

doped electrodes are formed by ion implantations and the

activation.7 The non-doped Si0.8Ge0.2 was epitaxially grown

on the sidewall of the Si fin (Fig. 1(d2)). We expect no sub-

stantial increase in crystalline defects as far as the thickness

of the grown Si1�xGex is below the critical thickness.2 Next,

the Si atoms inside the fin are selectively oxidized at 900 �C
by the oxidation condensation16,17 (Fig. 1(d3)). During the

oxidation, the Si atoms in the Si1�xGex fin were replaced

with the Ge atoms, and the compressive stress was accumu-

lated in the Si1�xGex fin16 as far as Si atoms in the fin were

remained. After the complete oxidation of the Si atoms, how-

ever, the pure Ge fin can fully relax at high temperatures

with a help of its 3D structure stretching towards open boun-

daries, since all single crystalline Si atoms inside the fins

were consumed to form the amorphous SiO2. By reducing

temperatures down to the room temperature, the tensile

stress18 will be applied to Ge fins due to the difference of the

thermal expansion coefficients between the Ge fin and the

surrounding SiO2 (Fig. 1(d4)). Finally, the Al/TiN electrodes

were patterned, and the H2 annealing were made to passivate

the interface traps.

The fabricated Ge FinLED is shown in Figs. 2(a) and

2(b). The Ge fins with a width wGe of 18.7 6 1.1 nm and a

height hGe of 51.7 6 3.0 nm were fabricated with a pitch K of

150 nm. According to the atomic mapping taken by the energy

dispersive x-ray (EDX) spectroscopy, we confirmed that Ge

atoms were condensed inside the fin and no apparent Si atoms

were found in the fin (Fig. 2(c)). This confirms the replace-

ment of Si atoms with Ge atoms. Furthermore, the diffraction

patterns (Fig. 2(d)) obtained by the Fourier transformation of

the image of Fig. 2(b) are consistent with those from Ge (100)

surface with a tensile strain of 0.41% 6 0.19% along the lon-

gitudinal direction and a tensile strain of 0.50% 6 0.19%

along the vertical direction. The slight difference of the strain

would come from the open boundaries of the fins along the

vertical direction (Fig. 1(d4)). The larger tensile strain of Ge

fins than that of Ge grown on Si,18 0.20%, was expected from

the larger difference of the expansion coefficients between Ge

and SiO2 than that between Ge and Si.

The atomic profile of the Ge fin was also examined by

the electron energy-loss spectroscopy (EELS)19 at the loca-

tion shown in the transmission electron microscope (TEM)

image of Fig. 2(b). We can clearly identify that no signal of

Si L2,3 (2p1/2, 2p3/2) or Si L1 (2 s1/2) edge from the fin was

found (Fig. 3(a)), and the oxygen (O) K (1 s1/2) edge signals

were found outside the fin (Fig. 3(b)). Inside the fin, Ge L2,3

edge signals were detected (Fig. 3(c)). These results confirm

that Si atoms inside the fin were consumed during the oxida-

tion to form the pure Ge fin surrounded by SiO2. We

observed sharp spectral change at the Ge fin/SiO2 interface,

FIG. 2. (Color online) Pure Ge Fin. (a) TEM images after processing, and its

(b) enlarged image. (c) Ge mapping images taken by EDX spectroscopy. (d)

Diffraction images of Ge fins, showing Ge (100) with tensile strain of 0.26%.
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FIG. 3. (Color online) Si FinLED. (a) Schematic device structures. Active

channel width (length) is 500 (1) lm, and cavity length (width) is 500 (0.6)

lm. (b) TEM images after processing. Inset shows single Si (100) fin.
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and no intermediate suboxide transition layer was found in

the present spatial resolution of 1.3 nm.

Next, we show the electrical and optical characteristics of

the Ge FinLED. All measurements were made at room tem-

peratures. In Fig. 4, we show the current-voltage characteris-

tics of the Ge FinLED with a reference result of the Si

FinLED.7 We found excellent rectifying characteristics with

the ideality factor of 1.27 in both Ge and Si FinLEDs, show-

ing good interfacial qualities with low interface traps. The

dark currents of the Ge FinLED are increased substantially

compared with those of the Si FinLED, but the observed ultra-

low dark current density of 1.86� 10�5 (3.41 � 10�3) A/cm2

at the reverse bias of 1(5) V is comparable to those reported

as the record low dark currents.20 The forward currents of the

Ge Fin LED are reduced compared with those of the Si

FinLED, presumably because of the type II band alignment8

at the Ge fin/Si electrode interface. Nevertheless, the forward

current density of the Ge Fin LED can be extremely high,

exceeding the values of 3.40� 103 (4.62� 105) A/cm2 at the

bias of 1(5) V without a breakdown. As a result, high on/off

ratio of 1.83� 108 (1.35� 108) at the bias of 61(65) V was

achieved. These excellent diode characteristics suggest good

crystalline qualities of the Ge fins.

Finally, electroluminescence (EL) spectra by constant

current injections are shown in Fig. 5. We observed broad

spectrum centred around 1600 nm (Fig. 5(a)), as expected

from the direct recombination at the C point10 in Ge fins.

The EL spectra of the Ge FinLED were red-shifted from the

photoluminescence (PL) spectra of the bulk Ge centred at

1540 nm. These results are also consistent with the fact that

the tensile strain is applied to the Ge fins by the difference of

the thermal expansion coefficients.18 As shown in Fig. 5(b),

the integrated optical intensities were increased by increas-

ing currents, but there was no substantial change indicating

stimulated emissions. The aggressive n-type doping10 and/or

the strong tensile stress13 of Si3N4 as well as proper wave-

guide designs are thus inevitable to achieve the lasing of Ge

fins by current injections.

In conclusion, we have proposed Ge fin light-emitting

diodes for monolithic light sources in future Si photonics

chips. We fabricated and characterized pure Ge fins and con-

firmed replacements of Si atoms with Ge atoms occurred by

oxidation condensation. We observed excellent electrical

characteristics of Ge fin diodes with high on/off ratio of the

order 108. The electroluminescence spectra were consistent

with those expected from direct recombination in Ge with a

tensile stress. The strong breakdown characteristics of the

present device against high current densities of the order 1

MA/cm2 is an advantage to increase the injected carrier den-

sities for achieving the population inversion and increasing

the net gain. Therefore, the Ge fin is one of the most promis-

ing candidates to overcome fundamental difficulties to make

excellent Ge structures on a Si-on-insulator substrate.
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FIG. 5. (Color online) Optical characteristics of Ge FinLED. (a) Electrolu-

minescence spectra. (b) Integrated intensities.
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