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Anodic electrolytic etching of germanium has been performed in hydrogen peroxide etchants with controlled external conditions.
In-situ current and ex-situ etch-depths were measured and tracked with respect to etchant composition and stir rates. Gas bubbles
formed during the etching process were found to cause non-uniformity in etch-current and surface quality. The effects were
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Recent advancements in homoepitaxially-grown germanium
result in unprecedented low defect densities and incur interest in
germanium as an alternative for next-generation backside imagers.'
Compared to silicon, germanium is characterized by a smaller
bandgap, improved X-ray and infrared photon absorption, and
increased carrier mobilities.'” These advantages favor germanium
towards high throughput applications, such as high-speed hard X-ray
imaging. Appreciable absorption in the near-infrared regime, where
silicon is essentially transparent,' makes germanium ideally suited
for use in light detection and ranging (LiDAR) and photovoltaic
systems.>*

The fabrication of backside imagers requires the removal of the
substrate utilized for homoepitaxial growth, which is typically
accomplished by selective etching. Chemical etching techniques
used for silicon cannot be directly applied to germanium due to
different electronegativity and more complex oxidation behavior.>™
Unlike silicon, germanium oxidizes as a mix of glassy GeO,, GeO,
and Ge,0Oj3. GeO, is both hygroscopic and water-soluble, leading to
rapid device degradation when exposed to humidity, and decom-
poses to GeO, which is volatile at temperatures above 400 °C.5"3

Etching of germanium is an electrochemical redox reaction in
which a germanium oxide complex is formed and subsequently
dissolved. The etchant must be composed of an oxidizing agent and
a dissolution agent. Water can perform both roles but etches at a
relatively low rate.'*'> More vigorous oxidizing agents include
hydrogen peroxide and nitric acid. Dissolution agents can be acids,
including, for instance, hydrofluoric acid, phosphoric acid, sulfuric
acid, hydrochloric acid, or bases, such as sodium hydroxidﬂ13
Earlier etching studies for germanium have been limited to surface
preparation or shallow etching.”'*'* More recently deep planar
etching was accomplished with combinations of sulfuric acid with
hydrogen peroxide, and hydrofluoric acid with nitric acid. While
achieving several hundred microns of isotropic etching with minimal
surface roughness,'®!” etch rates and the nondiscriminatory nature
of these etchants make them less suitable for selective etching.
During the fabrication of backside imagers, precise control for deep
etching is required to avoid damaging active device layers. For
silicon-based technologies, heavily doped sacrificial layers are used
as effective etch-stops.® The original etch stop/substrate interface
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ideally results in a uniformly etched surface. Etch selectivity as a
figure of merit is the ratio of etch-rates between two adjacent
materials. Divan et al. used ion implantation to dope germanium
wafers and reported an etch-selectivity of 100 for an acid-based
etchant of H3PO4:H,02:C,HsOH (1:1:1 or 1:1:3 by volume).'®
However, ion implantation caused inhomogeneous dopant distribu-
tions resulting in anisotropic etching and significant surface pitting.
These effects are detrimental to photodiodes because of premature
recombination of holes and electrons that will reduce quantum
efficiency. Additionally, defects can serve as charge centers within
the device, alter the path of charge carriers, and degrade the signal
response.

This study reports electrolytic etching of germanium in water/
hydrogen peroxide mixtures as a function of solution additives and
stirring. Hydrogen peroxide offers a safe, simple, inexpensive
system to studgf with a broad background of existing data for
comparison.'®? A custom-designed electrolytic etch cell was
constructed to optimize the etch process. The experimental results
demonstrate a linear correlation between the charge transfer during
the oxidation reaction and the number of atoms removed from the
germanium surface.

Experimental

Materials preparation.—Commercially available single crystal-
line germanium wafers (p-type, undoped, >50 ohm-cm, MTI
Corporation, Richmond, CA) were diced into 14 mm X 14 mm
squares in a clean room. Polished (100) surfaces were cleaned under
sonication in alternating baths of acetone, deionized (DI) water, and
methanol. After rapid blow-drying the cleaned surfaces were
specular.

All etchant solutions had a volume of 102 ml and were composed
of 30% hydrogen peroxide (electronic grade) and DI water
(~16 MQ2— cm) with a ratio of 6:12 by volume. In select experiments
DI water was partly replaced by tertbutyl alcohol (TBA). Sodium
phosphate monobasic monohydrate (MSP) was added to stabilize
hydrogen peroxide.>'** Concentrations of TBA and MSP were system-
atically modified between 0 ml and 12 ml and O g and 10 g, respectively.

Etching procedures.—Etch experiments were carried out with
the custom-built electrolytic etch cell represented in Fig. 1. The two-
electrode etch cell consists of a polytetrafluoroethylene (PTFE)
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Figure 1. (a) Etch cell mounted inside low temperature furnace. Inset: top-down view the inner beaker showing the position of the electrode and stir rod. (b)

Cross-sectional diagram showing the arrangement of the electrochemical circuit.

beaker to hold the electrolyte solution, a gold counter electrode (CE),
and a germanium sample mounted at the bottom of the beaker which
serves as the working electrode (WE). An indium plate was pressed
against the backside of the germanium wafer to create an ohmic
contact between germanium and the power supply.

During select experiments the etchant was stirred with a
0.635 cm diameter polyetheretherketone rod with two 45° helix
flutes. The stir rod was inserted into the etch cell, positioned through
a hole in the CE, and placed directly above the surface of the
germanium samples. The rotation of the stirrer creates downward
momentum of the etchant, forcing flow towards and across the wafer
surface. The stir speed was controlled by varying the current
supplied by the attached DC power source. Rotation speeds up to
2700 rpm were measured and calibrated (see Fig. S1 in supplemental
materials).

The etch cell was placed into a low-temperature furnace to ensure
temperature stability. All experiments were performed at a constant
set temperature of 25 °C. The furnace was sealed to exclude ambient
light.

The CE was directly grounded while the WE was connected to
ground through a Fluke 289 multimeter, which recorded current as a
function of time at 2 s intervals. After 30 s the etchant was added,
and the stir rod was started. After 120 min the etchant was drained,
and the beaker was thoroughly rinsed with DI water. The sample was
then suspended in acetone to arrest any residual etching. Some
experiments were performed outside the furnace to enable in situ
observation by optical microscopy under minimal ambient light.

Characterization.—After experiments concluded, topography
profiles of the etched surfaces were determined with a Bruker
Dektak XT 2D contact profilometer. Profiles were recorded along
each diagonal of the samples as displayed by the inset in Fig. 2.
Profilometer scans were approximately 17 mm long and extended
over unetched regions on both sides of the etch well for subsequent
calibration and fitting (see Fig. 2). Raw data collected from the
profilometer exhibited curvature that is attributed to the mechanical
motion of the stage. To correct for this systematic error, data
recorded from unetched regions were fitted with a 4th-order
polynomial function with constant positive concavity. Prior to
each profilometer scan, a standard reference was used for calibration.
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Figure 2. Profilometer scans of a specular etched wafer. The maximum etch
depth is ~8.17 pm. The left and right flat portions represent unetched regions
used to fit the scan curvature. Inset: scan directions overlayed on wafer
image.

An effective etch volume was calculated from each topography
scan and volumes were averaged for each sample. From the effective
etch-volumes, equivalent etch-depths were calculated using cylind-
rical volumes with a diameter equal to the measured diameter of the
etch well. The calculated depths reported below are therefore based
on the assumption of a radially isotropic etch well.

Etched surfaces were examined under high vacuum with a Thermo
Fisher Quattro S Environmental Scanning Electron Microscope
(ESEM, Thermo Fisher, Hillsboro, OR) operated at 15 keV. Electron
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Figure 3. Measured current as a function of elapsed etch time for different
additions of TBA. Negative current indicates electron flow from the
positively biased WE towards the negatively biased CE.
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Figure 4. Volume averaged etch-depths for TBA variable experiments.
Plots divided by MSP mass. o denotes one standard deviation.

micrographs were recorded with an Everhart-Thornley detector.
Surface topography was also characterized by atomic force microscopy
(AFM) using an MFP-3D AFM (Asylum Research, Santa Barbara,
CA). AFM micrographs were generated using a silicon probe in AC
tapping mode with a force constant of 26 Nm™' and resonance
frequency of 300 kHz. Photographs of etched surfaces were recorded
with a 48 megapixel Sony Exmor IMX789 camera at a working
distance of 8 cm. Off-center lighting was maintained to maximize
topographic contrast. For in-situ observations of the etch process
videos were recorded with a 3 megapixel camera attached to a Motic
SMZ140 zoom microscope. The ImagelJ software package was used to
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Figure 5. Etch current as a function of elapsed etch time for different
additions of MSP.

extract Individual frames from the recorded video files to determine the
number of observed gas bubbles per unit time and their respective
diameters. Example micrographs are included in the supplemental
materials.

Results

Effects of TBA.—Figure 3 shows a comparison of time-dependent
etch currents with varying TBA concentration and the addition of
either 5g or 10g of MSP. No stirring was employed. After initiation of
the etch experiment the current rapidly decreases within the first
1200 s before it continues to decrease more gradually. Larger currents
are observed for higher concentrations of MSP and lower concentra-
tions of TBA. For all compositions sawtooth profiles, i.e., abrupt
stepwise increases of current followed by more gradual decreases are
observed. With increasing concentrations of TBA step wise increases
in current are smaller but occur more frequently.

Figure 4 shows the calculated equivalent etch depths as a
function of etchant composition. The plot includes a series of
measurements for each composition alongside mean etch depths
and the respective standard deviations. Increasing TBA concentra-
tion has led to a significant decrease in etch depth. Enhanced etching
occurred at higher MSP concentration, while the change in etch rate
with varying TBA concentration is smaller compared to the lower
MSP concentration. Nominal average etch rates range between
0.053 gm min~" and 0.066 pm min~"'.

Effects of MSP.—Figure 5 shows time-dependent etch currents
for varying MSP concentrations and the addition of either 6 ml or
12ml of TBA. No stirring of the solution was employed. As
observed in Fig. 3, etch currents decrease within the first 1200 s
after exposure of the sample to the etchant solution. An increasing
frequency for abrupt current changes is observed for increasing
concentrations of MSP. Figures 3 and 5 both demonstrate negligible
abrupt current changes once 12 ml of TBA are added to the etch
solution. Consistent with Figs. 4, 6 demonstrates that an increase of
the MSP concentration results in a statistically significant increase in
etch depth, while an increase in TBA concentration leads to a
decrease of etch depth for identical MSP contents. Due to the
simultaneous utilization of both TBA and MSP nominal average etch

rates are also between 0.053 ym min~" and 0.066 m min~".
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Figure 6. Volume averaged etch-depths for MSP variable experiments.
Plots divided by TBA volume.

Gas bubble formation.—In-situ observation of the CE in the
absence of the stir rod reveals the formation of gas bubbles on
the surface of the electrode. Throughout all in-situ experiments the
formation of fewer bubbles was observed in the presence of MSP.
The simultaneous acquisition of video frames and electrolytic etch
current reveals that abrupt changes in etch current (cf Figs. 3 and 5)
coincide with the dislodgement of bubbles from the counter
electrode. Table I shows the nominal number of bubbles observed
at any given time during each experiment, dislodgement rates, and
average bubble diameters as a function of etchant composition.
Increasing the MSP concentration reduces the number of bubbles
from 63 (without MSP) to 8 (5g of MSP). The dislod%ement rate
decreases with increasing MSP contents from 14 min~ " to around
1 min~'. With increasing MSP concentration, the average bubble
diameter increases from approximately 0.8 mm to more than
1.7 mm. Increasing TBA concentration increased the bubble dis-
lodgement rate and average bubble diameter, while only moderately
decreasing the number of observed bubbles.

Stirring.—Figure 7 shows the effects of stirring on current as a
function of time for etchants containing either 5g or 10g of MSP.
Stirring decreases the transient current observed within the first
1200 s of the static experiment. For etchants containing 5g of MSP,
the current stabilizes at —1.51 = 0.02 mA for the unstirred sample,
and —1.91 £ 0.01 mA when stirring is applied. For etchant solutions
containing 10g of MSP currents stabilize at —1.92 + 0.03 mA and
—2.28 £ 0.02 mA in the absence and presence of stirring, respec-
tively. Agitation of the etchant leads to a more stable current (cf
Fig. 7), enhanced etch rate (Fig. 8), and increases and stabilizes the
current while also reducing the average step magnitude. At 1240 rpm
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Figure 7. Measured etch current as a function of elapsed time for two pairs
of etchant composition. Inclusion of stirring results in sustained ~0.3 mA
increase in current.
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Table 1. Bubble statistics during in situ etching.

6 ml TBA 0G MSP

6 ml TBA 2.5G MSP

6 ml TBA 5G MSP 12 ml TBA 5G MSP

Bubble Count 63 8 5
Dislodgement Rate 14.4 min~' 0.9 min~! 0.84 min ! 1.4 min~!
Bubble 0.842 mm 1.145 mm 1.732 mm 1.993 mm
Diameter +1.064 +1.343 £1.310 +1.036
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Figure 9. Pictures of etched wafer surfaces. (a)-(b) no stirring and no MSP, (c) no stirring with MSP and TBA, (d)-(f) stirred with MSP and TBA at increasing
rates. Intensity of diffuse reflections correlates to surface topography. Figures share the same scale bar and are displayed in grayscale to maximize contrast.

occasional abrupt current changes around 0.021 mA were observed,
similar to those in Fig. 5. For stir speeds up to 1800 rpm relatively
smooth etch currents were observed. For stir speeds of 2700 rpm the
etch solution becomes turbulent and the formation of a vortex
inserted a steady stream of gas bubbles towards the electrodes (see
Fig. S2 in supplemental materials). Nominal average etch rates
during stirring were 0.060 ym min~' and 0.068 um min for 5g and
10g of MSP, respectively.

Surface characterization.—Specularity, topography, and rough-
ness of the etched surfaces were characterized by optical microscopy,
SEM, and AFM imaging, respectively. Etching without MSP or
stirring created rough surfaces with a lack of specularity (Figs. 9a and
9b). The bright region in Fig. 9b was further characterized by SEM
(Fig. 10b) and AFM (Fig. 10e). Pyramidal etch-pits were observed
varying between 170 nm and 200 nm in depth. Stirring resulted in
reduced specularity (cf Figs. 9d-9f). SEM and AFM data recorded
from areas displaying diffuse light scattering revealed pyramidal
features (Figs. 10c and 10f, respectively). AFM measurements
revealed heights up to 100 nm above the average surface. Static
etching resulted in highly specular surfaces (cf Fig. 9c) with a surface
roughness of 842 pm (areal root mean square, inset of Fig. 10d).

Discussion

Effects of TBA.—Etch current and etch rate both decrease with
increasing TBA contents (cf Fig. 4). The observed smaller number of
gas bubbles and their higher dislodgement rate documented in
Table I indicate improved wetting of the (100) germanium surface

by the etchant solution after the addition of TBA, enhancing the
relative stability of the electrolyte/germanium interface. Hence, a
smaller buoyant or convective force is necessary to dislodge gas
bubbles from the sample surface. As a result, the effective area
between the etchant and the sample surface increased which reduces
masking effects. A major effect of TBA is, therefore, the homo-
geneity and specularity of the etched surface. The experimental
findings are consistent with previous studies that have reported
enhanced wetting of semiconductor surfaces after the addition of
alcohols during etch experiments.>*?* A further increase of the TBA
concentration is, however, expected to cause less specular surfaces
due to increased crystallographic etching anisotropy.”

Effects of MSP.—Increasing the MSP concentration of the
etchant decreases the number of gas bubbles (cf Table I) while
increasing both etch current and etch rate. The addition of phosphate
ions causes complex formation with metal ions and prevents the
decomposition of hydrogen peroxide.?'** The smaller availability of
metal ions in the etchant limits the availability of potential nucleation
sites for the formation of gas bubbles. The reduction reaction of
hydrogen on the counter electrode injects electrons into the electro-
lyte. Hence, an increase of charge carriers in the etchant solution
owing to the addition of MSP enhances the etch rate.'®***> For
negligible concentrations of MSP etching occurs primarily at local
surface defects through pitting corrosion (cf Figs. 10b and 10e). The
relatively low etch rates promote anisotropic etching and result in
enhanced surface defects with 4-fold geometry."'2%%* The enhanced
conductivity of the etchant due to the addition of MSP accelerates the
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Figure 10. (a) SEM image of center of etched wafer in Fig. 9c. (b) SEM image of bright region in Fig. 9b. (c) SEM image of bright region in Fig. 9f. (d) AFM
scan of center of etched wafer in Fig. 9c, Inset: same region with increased topographic contrast. (¢) AFM scan of bright region in Fig. 9b. (f) AFM scan of bright

region in Fig. 9f. All images and insets share the same lateral scale of 2 ym.

oxidation reaction at the germanium surface and causes a more
uniform etch front displayed by a more specular surface (cf Fig. 9c).
The addition of MSP to H,O, will cause formation of H;PO,4 which
can increase viscosity and alter mass transport in the solution.
However, at 25 °C the expected changes in viscosity are negligible.

Effects of stirring.—Agitation of the etchant solution increases
and stabilizes currents, enhances etch-rates, and decreases surface
specularity (cf Figs. 7-9). The transient current decrease within the
first ~1200 s of each experiment (cf Figs. 3 and 5) is caused by the
arrangement of ions in the liquid to form an electric double layer
(EDL) above the sample surface. EDLs impede charge transport
towards the sample surface.>®'%>>2® The addition of MSP increases
the effective conductivity of the etchant and, thus, modifies the EDL
(cf Fig. 7). The transient behavior in Fig. 7 and apparent changes of
the EDL indicate the dynamic nature of electrochemical etching. A
linear relationship between time and material removed is therefore
insufficient to fully describe the etch behavior. However, the
nominal average etch rates observed in this study regroduce those
previously observed for H,O,-based etch solutions.'® Agitation of
the etchant reduces the effective thickness of the EDL and therefore
enhances mass transport, which causes the etch process to proceed
limited by the rate of the surface oxidation reaction rather than by
mass transport.

Fluid flow through the etch cell acts as a mechanical force and
causes dislodging of gas bubbles adhered to the sample or electrode
surfaces. However, agitation above a critical stir speed causes a
rotational moment imparted on the fluid to form a vortex. The
consequential injection of air into the etchant disrupts the

electrochemical circuit. Moderate agitation of the etchant can
minimize the impact of bubble formation on etch homogeneity and
surface quality while vortex formation represents an upper limit for
the stir speed. Etch cells with larger volumes or different flow
mechanisms may be employed to enable utilization of higher flow
rates to further decrease the width of EDLs and ensure a reaction
limited etch process.

Agitation below the threshold for vortex formation leads to
decreased specularity of the etched surface (cf Figs. 9f and 10c).
While a relatively thin EDL maintains reaction-limited etching, a
thicker EDL assists in reducing the localization of excess carriers.'®
In the absence of a substantial EDL, surface imperfections, arising
from structural defects, impurities, or other surface perturbations can
act as electron-hole recombination sites and result in reduced local
current densities and moderately lower etch rates.'®?” Areas of
lower etch rate promote the formation of pyramidal hillocks
observed in Figs. 10c and 10f.

Quantification of etching.—Electrolytic etching of germanium is
an oxidation reaction followed by the subsequent dissolution of the
formed oxide. Myalmin et al. have proposed the following general
reaction for the anodic dissolution of germanium:*®

Ge + 2.4h* + 60H™ — GeO3™ + 1.6¢~ + 3H,0, [1]

wherein h' represents holes in the valence band and e~ electrons in
the conduction band. As germanium oxidizes, electrons from the
hydroxyl groups fill the holes in the surface and create an anodic
current. Within the closed electrochemical circuit, one can define the
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Figure 11. Calculated number of electrons transferred during the etch
process as a function of material removed. The black graph with slope m,
is fitted considering all experiments with varying etching conditions. The red
graph with slope my,, includes only experiments with minimal noise.

current of dissolution as either the current measured at the anode, i,
or cathode, i:

l'(l

= =i = |igigs|. [2]
A modified version of the Butler-Volmer equation relates the current
of dissolution, iy, to the exchange current, ig, hole concentration,
ps, transfer coefficient, (3, and potential drop across the EDL,

(@0 — ¢¢) [new26]:

2 ﬂF((/’U_’/’(?)
idiss = _io_f)e RT [3]

5

Following Eqgs. 1 and 3, the current of dissolution is directly
related to the charges transferred in the electrochemical reaction.
The total number of electron charges transferred over the duration of
the etch process, E., was calculated by integrating the observed
electrolytic current / for the duration of the experiment #; = 7200 s.

Iy

PIR!

t=0s

Ec=

X 6.24E18 & [4]
C

I, is the experimentally observed current at time ¢ (cf Figs. 3, 5,
and 7). The number of atoms removed from the surface during the
etch process, N, was calculated following:

PVavg
M,

N = [5]

p = 5.323 gem ™ is the density of germanium, M, is the atomic
mass, and V,, is the average etched volume derived from the
profilometry experiments. Figure 11 shows the total number of
atoms removed from the germanium wafer surfaces as a function of
total charges transferred during the etch experiments. The black
solid line is a linear fit of all experimental data collected with a slope
of m, = 1.97 = 0.26 e /atom and an R* = 0.842. The quality of the
linear fit is significantly improved to R* = 0.981 by omission of data
that were recorded from experiments during which significant gas
bubble formation was observed. The red graph represents the
improved linear fit with a slope of my, = 2.77 + 0.16 e /atom.
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Figure 12. Diagram of select electron transfer pathways, (a) simplified
sketch of the primary reaction pathway,?® (b) hydrogen gas production, and
(c) leakage current in the form of electron tunneling.
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The excellent linear correlation between charges transferred during
the oxidation process and atoms removed from the wafer surface,
independent of TBA and MSP concentrations, confirms the electro-
chemical nature of the etching process. The linear fit of data presented
in Fig. 11 provides further insight into the underlying reaction
mechanisms, confirming that the additives have a negligible impact
on the chemistry of the reaction. Previous studies have described
etching processes for germanium”'®'*2° and silicon™®* as redox
reactions with well-known products and reactants. However, the precise
reaction pathways remain largely unknown. Huygens and co-workers
predict the transfer of 2 electrons for the removal of one germanium
atom.”” Myamlin and Pleskov® report the total transfer of 4 electrons,
which is represented by Eq. 1. For silicon Seidel reports the transfer of
4 ¢ /atom with a similar mechanism,” which others have previously
also applied to germanium.'® The experimental results of this study,
however, demonstrate that an average of 2.77 + 0.16 electron charges
(combined holes on left and electrons on right in Eq. 1) are required to
remove one germanium atom during the electrolytic etch process.

Although both linear fits displayed in Fig. 11 are characterized by
relatively high R? values, the deviation from integer values shows a
sensitivity of the etch process to the experimental conditions. The EDL
configuration controlled by stir speed and the proliferation of bubbles
both affect the accessibility of ions to the WE and alter the dominant
surface reactions. The reduction of protons to hydrogen gas on the WE
retrieves electrons and would have a decreasing effect on the slope
observed in Fig. 11. Enhanced oxidation, i.e., formation of higher
oxidation states for Ge would inject more into the WE and cause an
increase of the observed slope. Figure 12 shows a sketch of the
potential electron transfer pathways, including the reaction described by
Huygens,” hydrogen gas production, and potential leakage current
through the surface oxide and the electrolyte. The formation of
hydrogen gas on the anode is unlikely, and leakage currents are
considered negligible. It is therefore concluded that the formation of
additional germanium oxides has increased the slope in Fig. 11 causing
an overestimation of the required charge transfer to etch one Ge atom.
The experimental results provide experimental evidence to support the
mechanism originally proposed by Huygens® and confirm that the
etch-mechanism of anodic dissolution in the presence of hydrogen
peroxide differs significantly from proposals for 4-electron models.

Conclusions

This study reports electrolytic etching of germanium as a function
of additives to the H,O, etchant solution and etchant agitation. The
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addition of TBA improves the wetting behavior of the etchant and
reduces the impact of gas bubbles on the obstruction of the
electrochemical circuit. The addition of MSP retards the formation
of gas bubbles by preventing the decomposition of hydrogen peroxide
and provides mobile charge carriers. Stirring the solution provides
convective motion of the etchant to mechanically dislodge gas bubbles
and minimizes the width of an electric double layer above the etch
surface. A quantitative analysis of charge transfer enables direct
comparison with etch rates and provides mechanistic insight to
support the 2-electron mechanism of anodic dissolution of germanium
in hydrogen peroxide. The observed deviation from the 4-electron
mechanism used as the basis for electrolytic selectivity in silicon is
critical for developing a selective etch stop for germanium. The
desired control over etching of germanium will allow formation of
backside imagers analogous to what is routinely obtained with silicon.
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