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The development of a precise micromachining process for Ge1–xSnx has the potential to enable both

the fabrication and optimization of Ge1�xSnx-based devices in photonics and microelectromechanical

systems. We demonstrate a digital etching scheme for Ge0.922Sn0.078 based on a two-stage, highly

selective CF4 plasma dry etch and HCl wet etch. Using X-Ray Reflectivity, we show consistent etch

control as low as 1.5 nm per cycle, which is defined as one dry etch step followed by one wet etch step.

The etch rate increases to 3.2 nm per cycle for a longer dry etch time due to physical sputtering contri-

butions, accompanied by an increase in RMS surface roughness. By operating within a regime with

minimal sputtering, we demonstrate that good digital etch depth control and surface quality can be

achieved using this technique. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941800]

Recent predictions and demonstrations that 6%–9% Sn

is sufficient to transform germanium-tin (Ge1�xSnx) into a

direct band gap material has led to a growing interest in this

system for the development of silicon-compatible photonic

and optoelectronic devices.1–3 With the continued trend of

device scaling for improved performance and large-scale

integration, control over critical feature sizes is becoming

arguably more important. Developing a highly selective

micromachining technique to precisely define small features as

well as exercise post-processing control enables the tuning and

optimization of Ge and Ge1�xSnx-based devices for achieving

targeted device performance on these length scales. Moreover,

such a technique provides an avenue for the design and appli-

cation of suspended Ge1�xSnx structures that can be leveraged

in microelectromechanical systems (MEMS).

As a complement to growth techniques with atomic

layer control, digital etching is a method of achieving precise

control of material removal through cycles of self-limiting or

highly selective processes. The utility of digital etching can

range from tuning photonic crystal resonances4,5 to achiev-

ing reproducible gate recess etching in transport devices

such as HEMTs and MOSFETs.6–8 In conventional timed

etches, the etch depth is often difficult to control in the ab-

sence of a stopping mechanism and can be subject to varia-

tion over process runs. In contrast, digital etching has the

advantage of predictable etch rates governed by cycle itera-

tions instead of time.

Various digital etching schemes have already been

developed in various materials systems using combinations

of dry and wet etching processes. In III-V systems achieving

etch rates of 1–3 nm per cycle, typical procedures involve an

initial oxidation step, either by a chemical oxidizing agent or

by native oxide formation in plasma and atmospheric condi-

tions, followed by an acid wet etching step to remove the

oxide layer.4–11 In Si and Ge systems, atomic layer etching

has been demonstrated using alternating stages of chlorine or

fluorine adsorption, followed by a desorption of these reac-

tion products by Arþ ion irradiation12–16 or thermal meth-

ods.17,18 However, no equivalent etch process has yet been

demonstrated in the Ge1�xSnx system. In this work, we show

that a two-step digital etch process consisting of a highly

selective fluorine-based plasma etch followed by an acid wet

etch can achieve consistent etch rates as low as 1.5 nm/cycle

in Ge0.922Sn0.078.

Ge0.922Sn0.078 samples are grown using an Applied

Materials Centura Epi Reduced-Pressure Chemical Vapor

Deposition (RPCVD) system. A strain-relaxed 4 lm Ge

buffer is grown on (001)-oriented Si using a multiple-step

Ge growth and hydrogen anneal to provide a high-quality

template with reduced lattice mismatch for Ge1�xSnx epi-

taxy.19 A fully strained 30 nm layer of Ge0.922Sn0.078 is

grown epitaxially using digermane (Ge2H6) and tin tetra-

chloride (SnCl4) precursors at growth temperatures below

350 �C, followed by a 50 nm Ge cap. Figure 1(a) shows a

high-resolution (004) x-2h scan by X-ray Diffraction

(XRD). The presence of interference fringes surrounding the

Ge0.922Sn0.078 peak suggests good interface quality. Due to

thermal mismatch between Ge and Si during buffer growth,

the Ge buffer retains a slight tensile strain of 0.166%.

Furthermore, a two-dimensional reciprocal space map

(RSM) in the (224) orientation shows alignment of both Ge

and Ge0.922Sn0.078 peaks along the Qx direction, confirming

that the Ge0.922Sn0.078 is pseudomorphic to the underlying

Ge buffer with excellent crystal quality (Figure 1(b)). The

asymmetric (224) reflection shows that the Ge0.922Sn0.078 is

under 0.97% compressive strain. Etch rate calibration in this

work is carried out for fully strained Ge0.922Sn0.078 (referred

to as GeSn for the remainder of the discussion) but is

expected to vary with composition since the GeSn dry etch

selectivity significantly depends on the Sn content within the

material.20
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The digital etching process relies on two alternating and

highly selective etch steps that enable precise and consistent

material removal over each etch cycle. Prior to etching, the

native oxide layers of all samples were removed using an

acid dip in dilute hydrochloric acid (HCl). In the first step of

the cycle, samples are placed in a Drytek plasma etcher

(30 W) with 100 sccm of CF4 (Freon-14/tetrafluoromethane).

In this step, dissociated F radicals react with the GeSn sur-

face forming both germanium tetrafluoride (GeF4) and tin

fluoride (SnFy). The more volatile GeF4 desorbs from the

surface, while SnFy remains as a passivating layer that

strongly inhibits further etching of GeSn.21 To reduce the

effect of plasma damage to GeSn, a high pressure

(700 mTorr) is selected. In the following step, HCl specifi-

cally removes the Sn-rich protective layer without further

etching the underlying bulk GeSn. Samples are subject to a

dilute acid treatment in a 1:1 v/v ratio of deionized (DI)

water to 37% HCl for 15 s, rinsed in DI water, and fully dried

with nitrogen before the next cycle. Each stage in the digital

etch process is constrained to the GeSn surface and removes

only the surface material each time. In this work, one etch

cycle is defined as one CF4 plasma etch followed by one HCl

wet etch. Within the first cycle, the initial dry etching step is

also used to etch away the Ge cap layer and expose the

underlying GeSn to further etching cycles.

A Philips X’Pert Diffractometer was used to take X-ray

Reflectivity (XRR) spectra, which were simulated and fit

using a combination of genetic algorithm and segmented fit

refinement in PANalytical X’Pert Reflectivity software. The

technique measures the specular reflection of multilayer

structures from low incidence angles to obtain information

on film thickness, density, and surface or interface roughness

independent of layer crystallinity. Unlike ellipsometry meth-

ods, distinct index contrast is not required in this approach

which is better suited for the Ge/GeSn system. Moreover, the

technique is non-destructive and does not require additional

lithographic patterning for etch depth calibration, in contrast

to atomic force microscopy or step profilometry methods.

In Figure 2, a series of XRR spectra are shown for four

etch cycles using a dry etch duration of 60 s. Changes to the

periodicity of reflection fringes are observed following each

successive etch cycle which corresponds to a change in the

remaining GeSn thickness. The amplitude variation of these

fringes is attributed to the degree of contrast between layers,

which can originate from density differences, interface

roughness, or surface roughness. The enhancement after two

etch cycles results from the change in surface topography,

which is characterized by a negative surface roughness skew

consisting of scattered pits or valleys in contrast to a positive

skew for zero and one etch cycle. In particular, the plateau-

like regions surrounding these pits exhibit a lower roughness

than the positive roughness features found in zero and one

etch cycle. Thus, a more rapid decay of reflected X-ray in-

tensity occurs for the latter case and is likewise observed

beyond three cycles. Despite apparent increases to surface

roughness upon multiple etch cycles, the spacing of negative

roughness features is comparable to the lateral coherence

length of the X-ray beam, making it still possible to obtain

specular reflection and layer thickness using XRR.

The extracted layer thicknesses from the XRR spectra

are shown in Figure 3 along with the series for a 10 s dry

etch time per cycle. For samples etched for 60 s, reliable

reflectivity measurements could not be taken beyond four

cycles due to high surface roughness. In both cases, a good

linear fit is observed which confirms that a consistent depth

of GeSn is etched away each cycle. The cycle etch rate

extracted from the slope is 1.5 nm per cycle and 3.2 nm per

cycle for 10 s and 60 s, respectively.

An ideal digital etch eliminates the requirement for

timed etching if all processes are completely self-limiting. In

the current case, the variation in etch rate observed between

different dry etch durations is likely due to an additional

physical sputtering component that can arise from the bom-

bardment of a surface by energetic ions of the RF plasma.

Although the formation of SnFy inhibits further reactions

between GeSn and F radicals, physical sputtering of this

FIG. 1. High-resolution X-ray Diffraction for the as-grown material stack. (a)

The x-2h line scan in the (004) orientation shows fringes surrounding the GeSn

peak that indicate good interface quality. (b) Reciprocal space map of the (224)

reflection shows the alignment of Ge and GeSn peak positions along Qx and con-

firms that GeSn is pseudomorphic to Ge buffer with excellent crystal quality.

FIG. 2. X-ray Reflectivity 2h-x spectra shown for one through four etch

cycles using a 60 s dry etch time. The normalized spectra have the same ver-

tical axis scale and are offset for clarity. Changes to fringe periodicity with

different etch cycles indicate different remaining GeSn thicknesses.
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surface layer can still occur allowing continued GeSn etch-

ing below. For the 10 s CF4 plasma etch, the depth of 1.5 nm

removed each cycle is consistent with the estimated thick-

ness of the passivating SnFy surface layer (SnOxFy upon oxi-

dation between dry and wet etch steps) estimated by Gupta

et al. using X-ray Photoemission Spectroscopy.21 This sug-

gests that the dry etching step is still operating in the chemi-

cally self-limiting regime and forming an uncompromised

SnFy layer. However, for the longer dry etch time, physical

sputtering of SnFy and GeSn is no longer negligible and

increases the etch rate to 3.2 nm per cycle. If this sputtering

contribution is reduced such that GeSn etching occurs only

via GeF4 desorption until the formation of an undisrupted

SnFy layer, the cycle etch rate is not expected to vary with

time.

Evidence of the enhanced sputtering over prolonged dry

etch time is supported by the substantial increase in root-

mean-square (RMS) surface roughness characterized by

Non-Contact Atomic Force Microscopy (NC-AFM) and

roughness extracted from simulated XRR spectra. In Figure

4(a), the 10 s etch series is characterized by little change in

RMS roughness upon successive etch cycles which is con-

sistent with an etch regime governed by the thickness of the

protective SnFy layer. However, the RMS roughness for the

60 s etch series continues to increase following each cycle,

which is uncharacteristic of a truly digital process. Even for

comparable depths of material etched, the roughness is sub-

stantially larger as shown in the inset of Figure 4(a).

A comparison of one-dimensional line profiles from

NC-AFM is also shown in Figure 4(b). Again, the surface

profile for the 10 s series remains consistent between cycles

while the 60 s series shows an increase in density and depth

of pits. At the same time, surrounding regions still contribute

reflected X-ray intensity though the inclusion of these pitted

features in the calculation of RMS roughness increases the

overall reported roughness of the surface. In addition, the ab-

sence of material as a result of these pits lowers the effective

density of the GeSn film seen from XRR (right axis Figure

4(a)). Beyond three cycles, the roughness in some regions

exceeds the film thickness and is no longer confined to

GeSn, but also reaches the exposed Ge buffer layer. By five

cycles, the RMS roughness reaches 22.05 nm and the surface

exhibits a more dimpled appearance in contrast to the planar

appearance observed for the shorter etch time reaching an

RMS roughness of 0.78 nm (Figure 5).

Thus an increase in etch rate comes at the cost of

enhanced roughness and surface damage. For a given

depth of GeSn to be removed, operating in a dry etching

regime governed by GeF4 desorption instead of sputtering

offers the most precise etch control with minimal change

in surface quality, but at the requirement of increased

etching cycles. Lowering RF power in the dry etch pro-

cess can reduce surface damage but leads to a decreased

etch rate.21

FIG. 4. (a) Left axis: Surface rough-

ness from NC-AFM and XRR for dry

etch times of 10 s (red) and 60 s (blue).

Roughness is reduced with the shorter

dry etch time since etching relies on

GeF4 desorption rather than additional

physical sputtering. Right axis: GeSn

film density obtained from simulated

XRR spectra decreases with negative

roughness skew. Inset: RMS roughness

(nm) plotted versus etch depth over cu-

mulative cycles confirms that for a

given depth, GeF4 desorption rather

than physical sputtering maintains bet-

ter surface quality. (b) NC-AFM sur-

face profiles for both etch times and all

cycles.

FIG. 5. Surface topography of GeSn characterized by NC-AFM after five

etch cycles (a) Planar appearance with low RMS roughness of 0.78 nm using

10 s dry etch time (b) Dimpled appearance with high RMS roughness of

22.05 nm using 60 s dry etch time.

FIG. 3. Remaining GeSn layer thickness is determined by fitting XRR spec-

tra and shown for one through five etch cycles using 10 s and 60 s dry etch

times. Linear fitting of GeSn thickness versus cycle number (dashed lines) is

used to extract cycle etch rates.
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In summary, we demonstrate digital etching of GeSn

(7.8% Sn) based on highly selective alternating CF4 plasma

dry etching and HCl wet etching. Consistent etch rates were

found for both 10 s and 60 s of dry etching times at 1.5 nm and

3.2 nm per cycle, respectively. For longer dry etch duration,

increased surface roughness and cycle etch rate were attributed

to a physical sputtering component in addition to the chemical

etching process. To achieve a given etch depth, a greater num-

ber of etch cycles with reduced plasma etching time yields

optimal etch control and surface quality. This technique

extends the utility of the known etch stop behavior exhibited in

this system and has the potential to enable the design, fabrica-

tion, and optimization of Ge1�xSnx-based devices.
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