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Uniform thick mesoporous germanium layers are reproducibly formed on 4 in. p-type Ge wafers by electrochemical etching in
highly concentrated HF electrolytes. Pore formation by anodic etching in germanium leads to a constant dissolution of the porous
layer. The growth rate of the porous Ge layer is therefore given by the difference between the etch rate at the porous layer/substrate
wafer interface and the dissolution rate at the electrolyte/porous layer interface. The growth rate lies in the range of 0.071-2.7
nm/min for etching current densities of 0.1-80 mA/cm?, while both the etch rate and the dissolution rate lie in the range of several
micrometers per minute. We define the substrate usage as the ratio of the growth rate and the etch rate. This substrate usage
determines the growth efficiency of the porous layer and lies in the range of 0.2-2%. Thus, the substrate wafer is thinned
substantially during anodic porous layer formation. Constantly alternating from an anodic to a cathodic bias prevents the thinning
of the substrate. The dissolution rate decreases, and the usage increases up to 98%.
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The reduction in the weight of multijunction III-V semiconductor
solar cells is an important budget issue for space applications. Mul-
tijunction space solar cells are epitaxially formed on a Ge substrate
wafer. The substrate material determines the lattice constant of the
stack, provides mechanical stability during the cell process, and
serves as a bottom cell." For reasons of mechanical stability during
the cell process, this substrate wafer is typically more than 100 wm
thick, whereas a few micrometer thickness would be sufficient for
the bottom cell to match the photogenerated currents in the top and
middle cells. As a consequence, these unnecessarily heavy substrate
wafers reduce the available payload for satellite missions.

There are several techniques that permit the production of light-
weight highly efficient space solar cells. The Ge or GaAs substrates
are commonly removed by chemical wet etching,” which reduces
weight but has the disadvantage that the substrate wafer is lost.
Separating the electrically active solar cells from their substrates by
a lift-off process could save the substrate.

For the fabrication of monocrystalline silicon solar cells, lift-off
processes based on the epitaxial growth of the absorber layer onto a
porous-etched substrate already exist. Brendel® demonstrated the so-
called porous silicon process for the production of monocrystalline
thin-film Si solar cells. This method uses a double layer of mesopo-
rous Si formed by electrochemical etching: A mesoporous layer with
low porosity at the surface of the substrate is used as a seed layer for
the Si epitaxy, while a buried highly porous layer is used as a pre-
determined breaking point.

Only a few publications on porous germanium (PGe) were
published.“ Flamand et al.  studied porous Ge formation in HF-
based electrolytes and the possibility of using PGe for a lift-off
process. However, the authors apparently did not find suitable etch-
ing conditions for lift-off. Strong nonuniform macropores were
achieved. Thus, the formation of homogeneous electrochemically
etched mesoporous Ge was not yet reported.

In this paper, we show a procedure to form uniform mesoporous
Ge layers by electrochemical etching using HF-based electrolytes.
This process is demonstrated on 4 in. Ge.

Experimental

The Ge wafers used in this investigation were monocrystalline, 4
in. in diameter, and one-side polished. They were (150 *= 10) pm
thick. Their orientation was {100}, and the specific resistivity was
(25 = 15) mQ cm.

* E-mail: e.garralaga@isfh.de

A double-container etching cell was used to anodize the wafers.
Aqueous HF with a concentration varying in the range of 2-50%
served as an electrolyte. The cathodic electrical contact from the
electrolyte to the Ge wafer was obtained due to its high dopant
concentration. The potentiostat Elypor 3 from the company ET&TE
Etch and Technology GmbH allowed various etching profiles, i.e.,
current or voltage vs time profiles to be programmed. The etching
current density was set to a fixed value, and the etching potential
was automatically adjusted to obtain the desired etching current den-
sity (Fig. 1).
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Figure 1. Anodic etching profile in galvanostatic mode.

Downloaded on 2016-05-16 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 156 (8) D310-D313 (2009) D311

Figure 2. (Color online) Electrochemically etched (100) p-type Ge wafer, 50
wt % HF, j =1 mA/cm?, and £ = 3 h. Note that the dashed line represents
the region at which the porous layer thickness has a maximum variation of
30 nm.

After etching, the samples were rinsed in deionized water and
dried under a N, stream. We inspected the morphology and thick-
nesses of the porous layers in a high resolution Hitachi S-4800 scan-
ning electron microscope (SEM).

Results for Anodic Etching

Figure 2 shows the plane view of a 4 in. Ge wafer after etching
and subsequent rinsing and drying. The inner part of the wafer is
homogeneously colored, indicating that the porosity and thickness
of the porous layer are also homogeneous. The SEM analysis shows
indeed a mean porous layer thickness of 160 nm with a maximum
variation in thickness of 30 nm within the dashed line in Fig. 2.

At the rim of the wafer, a stripe of a different color is produced
by the sample holder, caused by an inhomogeneous current flow.
The colors are Fabry—Perot interference fringes originating from re-
flections at the air/PGe and PGe/substrate interfaces.

Figure 3 shows the cross-sectional SEM image of a 4 in. Ge
wafer. The diameter of the pores lies in the range of 1-46 nm, and
the mean diameter of the pores is 15.7 nm. According to the Inter-
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Figure 3. SEM image of the cross section of a PGe layer. (100) p-type Ge,
50 wt % HF, j =1 mA/cm? and t = 3 h.

Figure 4. (Color online) Porous Ge etching growth schema.

national Union of Pure and Applied Chemistry,18 mesopores range
from 2 to 50 nm. Our porous Ge layer is thus composed of meso-
pores. The surface roughness is less than 10 nm, and the roughness
at the PGe/substrate interface is less than 20 nm.

Porous Ge formation is accompanied by the constant dissolution
of the already porosified surface. Figure 4 introduces two etching
rates, R and Rg. The porous layer etching rate R, is the ve-
locity at which the porous layer grows into the sample. The already
formed porous layer is continuously dissolved at its upper surface.
The porous layer dissolution rate Rg;,, denotes the velocity at which
the porous layer dissolves, thus limiting the growth rate of the po-
rous layer. The growth rate of the mesoporous layer, Rgrowin
= R.en — Ruyiss» gives the difference between the etching rate and the
dissolution rate.

We calculate Ry by linearly fitting the remaining thickness of
the substrate and the thickness of the porous layer as a function of
the etching duration. The slope of the linear fit gives the porous
layer dissolution rate. Figure 5 shows the porous layer dissolution
rates obtained for 40 wt % HF in water and in ethanol as a function
of the etching current density. We obtain dissolution rates of
0.011-1.33 pm/min depending on the etching current applied and
on the solvent used. We find two linear regimes in a semilogarithmic
plot of the dissolution rates of the PGe layer shown in Fig. 5, below
and above 7.5 mA/cm?2.

To reduce the dissolution of the PGe layer, very low etching
current densities have to be applied. Figure 5 shows that ethanoic
electrolytes dissolve the substrate faster than aqueous electrolytes.
We relate this effect to the wetting properties of ethanol as it en-
hances the wettability of the substrate and helps to remove hydrogen
bubbles that are produced through the electrochemical etching of

E T T T T T T T T T
£

5§ ¢ 3
i

[0)

®

{ ==

o

5 01t <
= . ]
[72]

K2

©

]

>

]

[72]

3 001

DB_ TR HF concentration 40%

0 10 20 30 40 50 60 70 80
Etching current density [mA/cmz]

Figure 5. Porous layer dissolution rate vs etching current density.
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Figure 6. Porous layer growth rate vs etching current density.

Ge. Because H, bubbles hinder PGe formation and etching, the use
of ethanoic electrolytes allows a faster dissolution of the substrate.

We obtain R,y from the slope of a linear fit to the porous layer
thicknesses measured by SEM as a function of the etching duration
for both aqueous and ethanoic electrolytes and for several current
density values. Ry lies in the range between 0.071 and 2.7 nm/
min for etching currents between 0.1 and 80 mA/cm?. Figure 6
shows the porous layer growth rate as a function of the etching
current density.

Aqueous solutions show higher growth rates R,y than etha-
noic solutions. This effect is related to the increased dissolution rate
of the porous layer in ethanol. Because Ry is given by the dif-
ference between R, and Ry, the porous layer growth rate is lim-
ited by Ry Ethanoic electrolytes present high dissolution rates
Ryiss; the fast dissolution of the porous layer therefore limits Rypouwih-
High etching current densities above 60 mA/cm? lead to a decrease
in Rypow for both ethanoic and aqueous electrolytes due to the in-
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Figure 7. Usage vs etching current density.
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Figure 8. Etching profile in galvanostatic mode.

creasing Ry Etching current densities higher than 80 mA/cm? do
not even allow for porous layer formation as the increased R ;g
simply leads to the electropolishing of the wafer.

We define the substrate usage

U= Rgrowlh/Retch [1]

that quantifies the volume efficiency for transforming a nonporous
bulk material into a porous material.

Figure 7 shows the substrate usage of anodic porous Ge forma-
tion as a function of the etching current. Because Ry is around
2-3 orders of magnitude smaller than R, the usage is very low, in
the range of 0.2-2.0%, thus showing a very inefficient porous layer
growth. Several micrometers of material are consumed to obtain a
porous layer of a few hundreds of nanometers.

Results for Anodic/Cathodic Etching

Hydrogen passivation of the surface reduces substrate thinning.
Turner'? carried out oscillographic investigations of the Ge surface
by constantly changing the polarization direction. He found the ca-
thodic reactions to proceed in two steps: First, the Ge oxide at the
surface is reduced. Second, hydrogen atoms bond to Ge surface
atoms. The surface is thereby passivated, the porous layer stops to
grow, and germane (soluble or gas) compounds form at the surface
of the cathode.?’ The reaction equation is

Ge + 4e~ + 4H* = GeH, [2]

Choi and Buriak'? produced PGe by alternating the etching bias.
Fang et al’ proposed a mechanism that increases the passivation of
the Ge surface by switching the system periodically from an anodic
to a cathodic bias. The passivation provided by the cathodic step
inhibits the dissolution of the already formed porous layer. However,
the duration of the passivation is limited. It depends mainly on the
etching current density of the subsequent anodic step and the elec-
trolyte concentration. High etching current densities and electrolyte
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concentrations decrease the duration of the passivation effect. Typi-
cally, passivation lasts 1-10 min. A cathodic step is necessary after-
ward to further passivate the surface.

Figure 8 shows the etching current density and etching potential
profiles that we apply in this paper in arbitrary units. We pulse the
system eight times from the anodic to the cathodic bias by changing
the etching current density to passivate the surface.

Due to the increased passivation, Rg, decreases substantially,
becoming almost zero. The passivation also affects Ry, reducing
the rate down to values similar t0 Ryyp in the nanometer range.
Because both Ry and Ry take similar values, the substrate
usage increases substantially. Figure 7 shows that usage values in
the range of 93-98% are obtained using this technique. The initial
phase of the porous layer growth, also called the nucleation phase,
causes substrate thinning until pore growth starts. This phase, com-
mon to all materials, usually removes a few micrometers of sub-
strate until homogeneous nucleation is achieved. Higher usage val-
ues are therefore hardly possible due to initial substrate etching.

Conclusions

We obtained mesoporous Ge by electrochemical etching. Porous
Ge layers have two etching fronts, one at the top, which is respon-
sible for the thinning of the substrate, and one at its bottom, which
causes the growth of the mesoporous layer. The dissolution rate of
the already formed PGe lies in the range of 0.011-1.33 wm/min for
etching current densities of 0.1-80 mA/cm?”. The growth rate of the
porous layer lies in the range of 0.071-2.7 nm/min. In comparison to
aqueous electrolytes, ethanoic solutions do have a higher dissolution
rate, thus yielding a thinner sample. We presented a technique that
allows porous Ge layer growth and avoids substrate thinning based
on alternating between anodic and cathodic biases. The substrate
usage drastically increases from values of 0.002—0.02 for anodically
etched samples to values of 0.98 for samples using this technique.
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