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Atomic layer etching (ALE) can remove thin films with atomic
layer control based on sequential, deffiting surface reactions.
ALE can be viewed as atomic layer deposition (ALD) in reger
This paper review Al20s ALE using sequential, selimiting
thermal reactions. In the proposed mechanism for theinél
ALE, fluorination reagents, such as HHRuorinate the AkOs
substratgo form an AlFs surface layeandvolatile H2O. A metd
precursoy such as Sn(acag)subsequenthaccepts fluorine from
the AlRs surface layer and donates an acac ligand to the aluminum
in the AlRs surface layer to form volatile Al(acacr AlF(acac)
reaction products. These fluorination and ligand-exchange
reactions with HF and Sn(acadgad to temperaturdependent
etching rates of ADs from 0.14 A/cycle at 150°C to 0.61 A/cycle
at 250°C. This reaction mechanism can be extetalad/ariety of
other materials including metal nitrides, metal phosphidestal
arsenides and elemental metals.

Introduction

Atomic layer etching (ALE) is a thin film removal process based on sequential, self
limiting surface reaction$1-3]. ALE can be viewed as the reverse of atomic layer
deposition (ALD)[3-5]. ALE is able to remove thin films with atomic layer control.
ALD and ALE are able to provide the necessary tdolssurface engineering at the
atomic level [6, 7] This atomic level control is requirddr the nanofabrication of
nanoscale devices.

Revious ALE processes have used-@érhanced or energetic neutral atom beam
enhanced surface reactions together with halogenation of the surface to etch the material.
This ALE approach can produeaisotropic etching and hagsen used for the ALE of Si
[8-11], Ge [12], compound semiconductor&3f16], metal oxides[17-21], and various
carbon substratd22-24]. In contrast to the large number of ALE processes performed
using ionenhanced or energetic neutral atom beams, there are very few ALE processes
based on spontaneous thermal chemistry. These thermal ALE processes could be useful
for the isotropic removal of thin films with atomic layer control [2].

The ALE of AbOs was recently reported using sequential, -Beliting thermal

reactions with Sn(acacand HF as the reactants [25]. The linear removal gDANas
observed at temperatures fra50250°C without the use of ion or noble gas atom
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bombardment. ADs ALE etch rates varied with temperature from 0.14 A/cycle at
150°C to 0.61 A/cycle at 250°[25, 26]. The ALE of Hf» also displayed very similar
behavior R7]. This paper will review theecent workfor Al203 ALE and examine the
generality of this ALE approach for a wide rangeraiterials.

Al>03 ALE Monitored Using in situ QCM and FTIR Techniques

Thermal AlOs ALE has been demonstrated using in gitiartz crystal microbalance
(QCM) and Fourier transform infrared spectroscopy (FTIR) technifRies26] The
thermal AbOs ALE was observed using sequential Sn(acaoll HF exposures. The HF
source was a solution of HF-pyridine. Théiah Al203 film was deposited using 403
ALD with trimethylaluminum and kD as the reactants.

Figure 1 shows the mass changes measured loy site QCM measurements during
the sequential Sn(aca@nd HF exposures at 200{€5]. The etching of the ADs film
is linear and displays a mass change per cycle (MCPC3.4fng/(cm cycle). This
MCPC corresponds to an etch rate of 0.28 A/cycle based on 4Be ALD film density
of 3.0 g/cni measured using-ray reflectivity (XRR).
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Figure 1. Mass change versus time fosQBIALE using sequential Sn(aca@gnd HF
exposures at 200°C.

Additional XRR and spectroscopic ellipsometry (SE) measurements confirmed the
Al203 ALE. These experiments were performed opQAIALD films grown on silicon
wafers. Figure 2 displays the 28k film thicknesses versus number of sequential
Sn(a@ac) and HF exposures at 200f25]. One initial AkO3 ALD film was grown using
150AI203 ALD cycles and the other initial ADs ALD film was grown using 100 AOs
ALD cycles.
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Figure 2. Xray reflectivity and spectroscopic ellipsometry measurements2GizAIm
thickness versus number of 28k ALE cyclesat 200°Cfor initial Al20s ALD films
grown using (a) 150 ADs ALD cycles and (b) 100 ADs3 ALD cycles.
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Figure 3. Infrared absorbance showing the loss oD Adtretching vibratiomin bulk
Al20s versus number of ADs ALE cycles at 200°C. These FTIR spectra were
referenced tohe initial Zr& nanoparticles.
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The XRR and SE measurements confirm that th®AALE is linear. The XRR
results in Figure 2re consistent with an &Ds etch rate of 0.27 A/cyclat 200°C [25].
The SE results in Figure &e also consistent with an28k etch rate of 0.27 A/cyclat
200°C [25] These measurements are in excellent agreement with 4Be ekth rate of
0.28 A/cycle obtained from the QCM analysis at 200°C.

TheAl203 ALE can also be observed using in sRlIIR spectroscopy analysis. In
these experiments, ADs ALD films are first grown on Zr® nanoparticles [26]
Subsequently, the absorbance of theQAlktretching vibratiom is monitored versus
number of sequential Sn(acaend HFexposures. Figure 3 shows the absorbance of the
Al-O stretching vibratiosmiversus number of sequential Sn(acar)d HF exposure®6].

The infrared absorbance decreases progressively versus the sequential Sar{eddE)

exposures.
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Figure 4. Infrared absorbance after the first Sn(aeqosure and first HF exposure on
an AkOs film at 200°C. These FTIR spectra were referenced to the r&@oparticles
coated with the AO3 ALD film.

The FTIR spectra can also help to determine the mechanisr@afALE. Figure 4
shows the infrared absorbance in the region from 400-2000 cFhis region contains
the vibrations from the acac surface species, th® Atretching vibratios in Al203 and
the ALlF stretching vibratiomin AlFs. Figure 4a displays thafrared absorbance after
the first Sn(acae)exposure on an initial ADs substratef26]. This spectrunreveals
acaceontaining species. These acamitaining species could be Sn(agadjom the
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molecular adsorption of Sn(acacpr Sn(acac)* and acac* from the dissociative
adsorption of Sn(acacpn AOs. The asterisks designate surface species.

Figure 4b displays the infrared absorbance after the first HF exposure following the
first Sn(acac)exposure on the initial AD3 substratg26]. This spectrum reveals a loss
of absorbance in the region corresponding to th® Akrdéching vibrations. In addition,
this spectrum also shows a gain of absorbance in the region corresponding td-the Al-
stretching vibratios.

The loss of absorbance from the@ilstretching vibrationand gain of absorbance
from the AlF stretchingvibrations strongly suggests that the HF exposure fluorinates the
Al203 substrate. This fluorination reaction can be written a®AFr 6HF — 2AIF3 +
3H20. Thermochemical calculations indicate that this reaction is very favorable. The
Gibbs free energy change for this reaction@-=-58 kcal at 200°C [28]

The etching rate during Zbs ALE is also temperature dependent. Figure 5 shows
QCM measurements of ADs ALE at temperature from 15850°C [26] The MCPC
increases with temperature fina4.1 ng/(cm cycle) at 150°C to -18.3 ng/(Graycle) at
250°C. These MCPCs correspondetoh rates that vary from 0.14 A/cycle at 150°C to
0.61 A/cycle at 250°C. The determination of these etch rates is again based a®ihe Al
ALD film density of 3.0 g/cri

NE OJ on A|203 = 0
(&] o
5 150°C | 10 ;_I
£ -500- 175°C|L 59 ©
2 ]
2 200°C| 5o B
T .1000- A
‘; 225°C[-40 3>
)
S -1500{Sn(acac), HF - -50
1-30-1-30 250°C|
| 1 T | | -60
0 2000 4000 6000 8000

Time (s)

Figure 5. Mass change versus time fosAIALE using sequential Sn(acagnd HF
exposures at 150, 175, 200, 225 and 250°C.

The temperature dependence ofAIALE is also observed in the FTIR spectra after
sequential Sn(acacpnd HF @&posures. Figure 6 shows the FTtlRference spectra
during sequential Sn(aca@nd HF exposurel6]. The growth of absorbance from the
Al-F stretching vibrations after the HF exposures is larger at higher temperatures. In
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addition, the removal of the absorbance from the&= Atretching vibrations after the
Sn(acac) exposures is also larger at higher temperatures.
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Figure 6. FTIR dference spectraluring AkOs ALE at 200°C, 250°C and 300°C. The
difference spectra recorded after the Sn(acaa)l HF exposures were referenced using
the gectra after the previous HF and Sn(agcagposures, respectively.

The absorbance changes at 250°C and 300°C in Figure 6 rdesalad absorbance
from Al-O stretching vibrations that is concurrent with the gain of absorbance frém Al-
stretchirg vibrations. These absorbance changes again argue that the HF exposure
fluorinates the AlOs substrate and forms an AlBurface layer. The Sn(acaexposure
is then able to remove some of this Aitrface layer.

These FTIR results in Figure 6 and the previous FTIR results in Figure 4 suggest the
following mechanism for thermal ADs ALE. The HF exposure fluorinates the @4
substrate to form an AfFsurface layer and volatile 28. The Sn(acag)reactant
subsequently accepts fluorine frohretAlRs surface layer and donates an acac ligand to
the aluminum in the Alfsurface layer to form volatile Al(acaar AlF(acac) reaction
products. This reaction mechanism is shown in Figuasstiming that Al(acac)s the
reaction product [25, 26].
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Figure 7. Schematic of the proposed surface chemistry fgDsAALE showing (A)
Sn(acag)reaction and (B) HF retion.

The AbOs ALE reactions can be viewed in terms of fluorination and ligand-exchange
reactions. The order of the Sn(acaand HF exposures was alsbanged and the HF
exposure was applied to the initial2® substrate before the Sn(acaekposure. QCM
measurements revealed that this change of order did not affect the steady Qate Al
ALE. There was only a small difference in the mass changes during the initial HF and
Sn(acac) exposures in the nucleation region.

Thefluorination and ligandexchange reactions can be viewed in terms of the general
scheme shown in Figure 8. The HF fluorinates th@®Abkubstrate and forms an AIF
surface layer. The Sn(acadhen accepts fluorine from the AlRurface layer and
donates an acac ligdrio an aluminum atom in the AllSurface layer. The SnF(acac)
and Al(acagyreaction products lead to the etching of AlF

Generality of Thermal ALE

This thermal ALE procedure is general and can be applied to many materials
including metal nitides, metal phosphides, metal arsenides and elemental metal$n25]
all cases, tarmochemical calculations confirm that fluorination can lead to the formation
of metal fluorides by spontaneotesactions [25] If the metal fluorides are stable, then
thin films of these materials can be etched by the subsequent-Bgahdnge reaction.
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Maost metals have stable metal fluorides. Some exceptions are iridiunhdeolym,
platinum, rhenium, tantalum and tungsten. The metal fluorides of these elements have
melting points less than 100°C and will have high volatility under typical etching reaction
conditions. These metals mag etchedspontaneously during the flupation reaction.
Silicon and germanium are two other elements with fluorides that have melting points
less than 100°C These fluorides will also have high volatility under etching reaction

conditions.
HF H,O
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AlF, | - ETCHED LAYER THICKNESS IA
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Figure 8. General schematic of the proposedasarthemistry for ADs ALE showing

(A) fluorination reaction that converts the surface of theOAlsubstrateto an AlRs
surfacelayer and (B)igand-exchange reaction that leads to volatile species that removes
the AlRs surface layer.

Conclusions

The ALE of AbOs by sequential, selimiting thermal reactions demonstrates that
new reactions are possible to etch materials with atomic layer control. These reactions
are equivalent to ALD in reverse. These reactions occur spontaneously withowtdhe ne
for ion-enhanced or energetic neutral atom beams. The etching is linear with the number
of Sn(acae) and HF reaction cycles. Higher temperatures also lead to larger etching
rates. The new capabilities provided by these sequentialirsigitg thermal reactions
should be useful in nanofabrication. This new approach to thermal ALE should be
particularly usefufor isotropic etching.
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