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The central unit in an integrated memory device is a magnetic tunnel junction (MTJ) consisting of two ferro-
magnetic layers, often using complex alloys such as CoFeB, separated by an insulating barrier such as MgO.
Atomic level precision is required to fabricate miniaturized devices, and atomic layer etching (ALE) is one of the
most promising methods to do this. However, at the nanoscale, it is imperative to maintain the concentration of
each element in an alloy during etching, and it is important to not affect the insulating barrier, i.e. the etching
process should stop at MgO. Here we use thermal dry etching of CoFeB alloy thin films with sequential doses of
chlorine and 2,4-pentanedione (acetylacetone, acacH). Patterned samples are modified with atomic level pre-
cision, and the process is completely selective to the removal of CoFeB alloy in ALE regime without changing the
alloy composition and without etching MgO that is used as a protecting layer. The etching process was inves-
tigated by comparing the film thickness on a patterned surface before and after ALE process using atomic force
microscopy (AFM). The viable key features of the reaction mechanism were proposed by detection of key
desorbing fragments during a heating ramp via temperature-programmed desorption (TPD) experiments. Ex-situ

X-ray photoelectron spectroscopy (XPS) was performed to characterize the surface during ALE process.

1. Introduction

The atomically precise manufacturing is quickly becoming a reality.
With a recent unveiling of the technology for 2 nm chip manufacturing
[1], atomically-precise devices clearly make it into the realm of acces-
sible products. With these breakthroughs, the device features and the
overall properties of the corresponding multilayer constructs have to be
manipulated at the scale where chemical transformations and surface
processes have to be understood at the highest possible levels of
precision.

One of the booming examples of these technologies is atomic layer
etching (ALE) [2-5], and specifically, atomic processing of magnetic
materials, with applications in magnetic tunnel junctions for magnetic
random-access memory and logic devices, and neuromorphic computers
[6-9]. There, the ferromagnetic layers are commonly made of metallic
alloys, and CoFeB is a critical material in these devices. Recent work has
addressed the mechanisms of ALE of pure iron [10,11] and cobalt
[12-14] films, and the possibility of ALE for this alloy has been reported
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[15]. However, for features and thin films in the nanometer scale range,
mechanistic understanding of the process is imperative, as the subtleties
of etching process may leave the surface of the films enriched in some
elements or remove desired additives, particularly boron.

The general approach to achieve ALE regime in thin metallic films is
oxidation or chlorination as the first step of the process followed by the
removal of metal-containing product by adding an organic ligand such
as formate, carboxylate, acetylacetonate (acac), or hexa-
fluoroacetylacetonate (hfac). Acetylacetonate ligands have been
demonstrated to be efficient in helping the removal of a wide variety of
metals, including Cu [16-18], Ru [18], Co [12-14], Pt [19], Fe [10,11],
Pb [20] and many others [18]. The first step of this ALE process can be
controlled kinetically (direct chlorination with Cly [10-13] SO,Cl, [21]
or WClg [22] as chlorinating etchant), and the second step could be
driven thermodynamically by producing stable volatile metal-
containing molecules leading to a true atomically-limited process.

The process of metal oxidation or chlorination can be quite complex
and the control can be achieved by thermal processing [23], plasma
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[24], or UV means [25]. The removal of metal-containing volatile
products could also involve multiple processing steps and methods
[22,23,25], and that is why rationalizing mechanistic investigations of
the process is so difficult. The traditional way of using quartz micro-
balance quantification [26-28] and ex situ post-characterization with X-
ray photoelectron spectroscopy (XPS) and other surface analytical
techniques [11-13,29] can only provide a snapshot of ALE. However,
kinetic analysis with temperature-dependent investigations using mass
spectrometry for direct quantification of desorbing products [10,12,26]
has recently become a much more advanced method of kinetic charac-
terization of ALE in-situ and can now provide direct insight that can be
modelled computationally. That last aspect is especially important for
the simulation of the ALE process. The recent work on interaction of
organic ligands with surfaces of nickel [30], copper [24], ruthenium
[25], cobalt [31] rarely predicts the correct outcome of ALE if only
thermodynamically stable stationary points are investigated. However,
the role of monodentate ligands has been suggested to play a role in ALE
of iron [10], and this is the approach that can benefit tremendously from
direct in-situ measurements.

An additional and very important property of the ALE process is a
possibility to selectively remove controlled layers of one material
without affecting another, if appropriate chemical process is selected
[32]. For example, the central unit in an integrated memory device is a
magnetic tunnel junction consisting of two ferromagnetic layers, often
using CoFeB, separated by an insulating barrier such as MgO. Thus, in
designing processing for a real device, it is extremely important to
selectively etch the alloy with atomic precision and at the same time not
to affect (stop the process at) the MgO layers. As will be demonstrated
below, the chemistry of the process can be designed to selectively
remove only one material but not affect the other, opening the future
opportunities for combinatorial approach in designing ALE processes.

The key questions that need to be addressed in the mechanistic
studies in addition to the identification of metal-containing volatile
products are the thermal removal of by-products (water, HCl, etc) and
also the chemistry that allows for the removal of light elements, such as
boron in CoFeB alloy. The key problems that have to be resolved at the
nanoscale are whether it is possible to maintain the composition of the
CoFeB alloy during the etching process and whether it is possible to
completely stop the process by protecting the alloy with a very thin layer
(a few nanometers) of MgO.

These issues will be addressed in this work by achieving and con-
firming the ALE regime for the patterned CoFeB samples, investigating
the desorption of the ALE products with thermal desorption, assessing
the composition of the resulting surfaces with in-situ Auger electron
spectroscopy (AES) and ex-situ X-ray photoelectron spectroscopy (XPS),
and analyzing the changes in the topography of the patterned films with
atomic force microscopy (AFM). Although AFM was used previously to
evaluate etching process on a masked MoS, sample [33], it is the first
time that this technique is applied on a patterned sample with various
films deposited on it to measure the thickness of each material precisely
and simultaneously.

2. Experimental section
2.1. Samples and compounds used.

The CoFeB alloy films used in this study were deposited with DC
power on thermally oxidized silicon wafer at room temperature in a
home-built magnetron sputtering system. The CoFeB alloy targets were
commercially purchased (ACI Alloys, Inc.), and the surface elemental
composition of the deposited samples was evaluated by ex-situ XPS. The
base pressure of the chamber was 1.4 x 107 Torr and the deposition
atmosphere was 4.5 mTorr argon gas. The MgO capping layer was
deposited with RF power and the MgO-capped samples have an extra
0.5-nm thick Ti layer underneath CoFeB to promote adhesion. The
deposition rates of the films were calibrated by X-ray reflectivity
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measurements. The stripe- and cross-shaped films were patterned using
a lift-off photolithography technique. To create sharp edges for the films,
bilayer photoresists (LOR/AZ1512) were employed to achieve an un-
dercut profile. During ALE experiments, molecular chlorine gas was
dosed into the UHV chamber using a home-built solid-state electro-
chemical cell based on silver chloride. Cadmium chloride was also used
in this cell to increase the defect concentration and allow the cell to work
continuously for extended periods of time. The sample surface chlorine
saturation within the experimental conditions used in this work was
confirmed by AES. 2,4-pentanedione (acetylacetone, acacH) (99.5%,
Aldrich) was introduced into the chamber through leak valves after
several freeze—pump-thaw cycles. The purity of the compound was
confirmed in-situ by mass spectrometry.

2.2. Reactor, thermal desorption investigation, and etch rate
determination.

The produced samples were mounted on a sample holder in the ultra-
high vacuum (UHV) chamber with a base pressure of 10 Torr. This
UHV chamber is equipped with a differentially pumped mass spec-
trometer (Hiden Analytical) that can detect mass-to-charge ratios up to
510 amu. The samples were attached to a button heater with a tantalum
collar inside the UHV chamber. Each sample was annealed at 440 K for
40 min to remove physisorbed contaminants. The predetermined
amount of acacH was dosed into the chamber via a leak valve and
predetermined amount of chlorine was dosed using a solid-state elec-
trochemical cell at desired sample temperature monitored by a ther-
mocouple attached to the tantalum shield of the sample holder.

Two different types of experiments are described below:

1) For thermal desorption experiments, following the dose of acacH
and/or chlorine, the temperature of the sample was lowered to
approximately room temperature. During the thermal desorption,
the temperature of the sample was increased linearly at a rate of 2 K/
s up to 710 K controlled by a dedicated temperature controller
(Eurotherm, Model 818). The desorbing fragments were detected by
the mass spectrometer. The studies presented target chlorine-
containing fragments with °Cl isotope. Following the pre-
determined set of thermal desorption studies, each sample was
removed from the set-up for final characterization and then replaced
with a new sample.

2) For multicycle ALE experiments, one CoFeB alloy ALE cycle con-
sisted of chlorination at 440 K for 40 min followed by 300 L acacH
exposure. Up to 30 cycles were performed in order to determine the
CoFeB alloy etch rate. These samples were never heated above 440 K
and never reused.

2.3. Sample characterization

Auger electron spectroscopy (ESA 100, STAIB Instruments Inc.) was
used to confirm the surface composition before and after the in-situ
thermal etching experiments.

Surface chemical characterization was performed ex-situ by XPS on a
K-alpha+ XPS system from Thermo Scientific in the Surface Analysis
Facility at the University of Delaware using Al K-alpha X-ray source (hv
=1486.6 eV) at a 35.3° takeoff angle with respect to the analyzer. High-
resolution spectra were collected over the range of 20 eV at 0.1 eV/step
with the pass energy of 20 eV. The survey spectra were collected over the
energy range of 0-1000 eV. CasaXPS (version 2.3.16) software was
utilized to analyze all data [34]. To calibrate the XPS scale, carbon peak
was set at 284.6 eV. Mapping mode was performed with spot step size of
100 um. Survey spectra were collected over the binding energy range of
0to 3150 eV for 5.78 x 5.92 mm? surface area. The image was processed
with Avantage software (version 5.9911).

Atomic force microscopy (AFM) images were acquired under tapping
mode with a J-scanner scanning probe microscope (Multimode,



M. Konh et al.

Koje ga40o >

38.2 £0.5 nm

Applied Surface Science 575 (2022) 151751

33.4 £0.5 nm

Fig. 1. (a) Photograph of the stripe-patterned CoFeB sample (light areas represent thin film stripes of CoFeB alloy of approximately 38 nm thickness as determined by
X-ray reflectivity, dark areas correspond to the underlying substrate, native oxide on a silicon wafer); AFM images of patterned CoFeB alloy sample (b) before 30 ALE
cycles, and (c) after 30 ALE cycles. Representative line profiles of the step edges are provided with the corresponding height recorded before and after ALE.
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Scheme 1. Proposed ALE mechanism for CoFeB etching via chlorine followed
by acacH exposure.

NanoScope V). The sensing tips (aluminum coated, BudgetSensors) have
a resonant frequency of 300 kHz and a 40 N/m force constant. The
images were processed with Gwyddion software.

Small-angle X-ray reflectivity (XRR) [35] measurements was used to
calibrate the thicknesses of the as-deposited CoFeB films. During the
measurement, X-rays produced by a copper K-a radiation source were
incident on the film at small angles (0.6 < 2 < 6), and the reflected
photons were counted by the detector. The peak oscillation period and
decay rate can yield information about the film thickness and surface
roughness, respectively. After measurement, the raw data were fitted
with the GenX software [36]. Representative result of a deposition rate
calibration is shown in Figure S1 of the Supporting Information section.

As an independent method to calibrate the ALE etch rate, we
deposited a CoFeB film, carried out 30 cycles ALE experiments, and
confirmed the film thickness before and after ALE by XRR measurement.
As shown in Figure S2 of the Supporting Information section, within
experimental uncertainties, the etch rate (6.1 + 0.6 nm) obtained from
XRR agrees well with that obtained by AFM, as described in detail
below.

3. Results and discussion

High-quality CoFeB alloy films were deposited on thermally oxidized
silicon wafers by magnetron sputtering and patterned with the lift-off
photolithography technique (see section 2.1 for specific details).

3.1. Confirming ALE of CoFeB alloy with AFM

CoFeB alloy ALE by sequential exposure to chlorine and acacH were
examined using AFM images on the patterned sample with five CoFeB
film stripes deposited on silicon wafer, as shown in Fig. 1. The chlorine
exposure was chosen based on the saturation of AES intensity of the
chlorine signal as a function of dosing time. The dose of acacH was
chosen to be 300 L, as an exposure more than sufficient to saturate a
monolayer at the conditions used based on the previous work [10,12].
The vacuum chamber was evacuated to its base pressure after each dose.
The ALE temperature of 440 K was chosen based on the previously
optimized ALE procedures for cobalt [12] and iron [10]. These prior
studies also confirmed that chlorination is required for ALE of both co-
balt and iron within the temperature interval investigated. The thickness
of each stripe measured by AFM before and after 30 cycles of ALE is
shown in Fig. 1, and it was assumed that the underlying substrate (native
oxide on a silicon wafer) was not etched by the procedure. This last
assumption is supported by the well-known requirements for silica
surface ALE described in literature [4,37] and by the recently published
investigation on silica etching [38]. The thickness reported on the
representative line profiles in Fig. 1 is the average thickness measured
among all five stripes of the same sample. The average thickness etched
from the sample was measured to be 4.5 + 0.7 nm after 30 cycles,
resulting in 0.15 nm/cycle etch rate at these optimized conditions. The
thickness change after 15 cycles with the same conditions was ~ 2.5 nm.
The small difference in average etching rate for 15 and 30 cycles
determined by AFM is likely explained by the initial (oxidized) surface of
the alloy that would be expected to affect the initial etching rate.
Nevertheless, the etching process is confirmed, and the regime corre-
sponding to atomic layer removal can be achieved.

3.2. XPS investigation of CoFeB alloy thin films

After establishing that ALE regime can be achieved for the CoFeB
films described in this work, the mechanisms of the process could be
inferred; however, before thermal desorption could be used to follow the
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Fig. 2. High resolution XPS investigations of Co 2p, Fe 2p and B 1 s spectral regions for (a) original oxidized alloy, (b) the alloy sample exposed to chlorine at 373 K,
and (c) the sample after TPD (heated to 710 K), and (d) non-oxidized (sputter-cleaned) sample after TPD (heated to 710 K).

Table 1
Percent concentration of cobalt, iron, and boron after each etching steps and
after 30 ALE cycles for the samples prepared by using standard sputtering
targets.

Surface Treatment XPS atomic concentration (at. %)
Co 2p Fe 2p Bls
Non-patterned Original alloy 26.5 + 53.6 + 19.9 +
sample 1.6 1.0 2.0
Chlorinated/oxidized 23.6 + 49.6 + 28.5 +
alloy 1.0 2.3 4.5
Oxidized alloy after TPD  24.9 + 54.4 + 19.9 +
2.7 1.5 4.1
Non-oxidized alloy after ~ 22.1 + 53.0 + 249 +
TPD 1.1 1.2 1.8
Stripe-patterned Alloy surface before ALE ~ 16.7 + 50.5 + 328 +
sample cycles 2.2 2.0 3.5
Alloy surface after ALE 16.6 = 53.1 + 30.3 +
cycles 2.7 2.6 3.7

temperature-dependent evolution of etching products, it was also
necessary to understand how the surface of the alloys under investiga-
tion changed during the ALE process, most importantly, whether the
composition has changed during ALE. Scheme 1 describes the proposed
general approach and viable reactions during CoFeB alloy atomic layer
etching cycle using sequential exposure of chlorine and acacH.

In order to uncover chemical changes of the surface, the sample
surfaces after chlorination and then after exposure to an organic ligand
during ALE process were characterized by XPS. This investigation is
summarized in Fig. 2 and Table 1. The key comparison points for these
surfaces are a) the starting alloy surface, b) the same surface preheated
to 440 K and chlorinated, and exposed to acacH at 440 K (ALE cycle). On
the non-patterned sample (Table 1), it is shown that the chemical
composition is preserved in one ALE cycle, the composition remained
the same even after thermal desorption to 710 K needed for the
temperature-programmed experiments described below. On the stripe-
patterned sample, the chemical compositions before and after 30 ALE
cycles, when each cycle consists of sequential exposure to chlorine and
acacH at 440 K, does not appear to be affected by the processing. In other
words, these ex-situ XPS investigations confirm that Co, Fe, and B ele-
ments maintain constant relative concentrations as shown in Table 1

(which is extremely important in practical ALE processes) and that no
unusual changes in oxidation states of these elements are recorded after
the ALE cycles or even after a TPD experiment. Of course, since these
measurements are not conducted in-situ, the most important result is that
the concentration of each element does not change substantially during
this ALE process. Because of low relative intensity, B 1s signal is perhaps
less reliable in quantification of the reported concentrations; however,
the concentrations of all three main alloy elements remain nearly con-
stant within the error of measurement.

Two more points have to be examined in this section. First, if the
alloy surface is cleaned by Ar™ sputtering in situ and then a full ALE
cycle is performed, followed by thermal desorption, the Co-to-Fe ratio is
not affected. However, both metals appear to be much more reduced, as
evidenced by the observation of a strong peak at 778.2 eV for cobalt (Co
2ps,2) corresponding to its metallic state and at 706.7 eV for iron (Fe
2ps3,2), corresponding to the 0-oxidation state as well. Second observa-
tion concerns the oxidation state of boron. The B 1 s spectra clearly show
that for all the surfaces investigated, there are two features: one at 187
eV indicating the elemental boron in an alloy [39] and another at 192 eV
corresponding to the oxidized boron on a surface. Of course, boron is
easily oxidized when briefly exposed to ambient conditions upon
transfer to the XPS instrument. However, even in vacuum conditions
used here, surface boron is quickly oxidized. In fact, the B signature in
the AES spectra also corresponds to the oxidized state, suggesting that
this is the chemical state of this element that should be targeted during
ALE processing, especially given that in most ALE systems the base
pressure is substantially higher than in the experiments presented here.
This will be further used in thermal desorption studies. XPS also
confirmed that chlorine was removed from the surface following ALE
and thermal desorption, and this is fully consistent with the in-situ
Auger electron spectroscopy confirmation of chlorine removal.

3.3. Morphology changes during CoFeB ALE

Another question that has to be addressed before the mechanistic
insights into CoFeB alloy ALE can be inferred is the evolution of the
sample surface morphology. It is common that the sample surfaces get
smooth during ALE [27,40,41], and some mechanistic reasoning for
such an effect has been provided [10,42]. AFM measurements of CoFeB
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Fig. 3. AFM images of CoFeB alloy films: (a) original alloy film; (b) acacH adsorption at 440 K; (c) chlorinated alloy film exposed to acacH at 440 K; (d) acacH
adsorption at 440 K followed by heating to 550 K; (e) acacH adsorption followed by heating above 710 K.

a) Chlorinated, non-oxidized alloy b) Chlorinated, partially oxidized alloy surface exposed to acacH at 440 K
surface exposed to acacH at 440 K

Desorbing boron containing species

5001 1oooI

acacH , miz 100 m
Co(acac)Cl , m/z 193 Co(acac)Cl
b AN WL A A A~ ]

-]

Intensity

BCI,, miz 81

Fe(acac)Cl, , m/z 225 Fe(acac)Cl, BCI,, miz 116
LA AN A~ AANAA AN A A A NN

Co(acac),Cl, miz 292 Co(acac).Cl

2

AN AANNA AN p A A AN

Co(acac), , miz 356 Co(acac), B(acac)Cl,, m/z 181

5(I)0 GlIJO 700 560 660 760 5(;0 660
Temperature, K Temperature, K Temperature, K

Fig. 4. Summary of TPD studies of (a) chlorinated, non-oxidized alloy surface exposed to acacH at 440 K, and (b) chlorinated, partially oxidized alloy surface

exposed to acacH at 440 K.
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Fig. 5. (a) Schematic illustration, and (b) XPS mapped image of the CoFeB/
MgO patterned sample, (c) representative line profiles (offset for clarity) for the
regions corresponding to Mg 2s, Co 2p, Fe 2p, and B 1s.

surfaces were used in this work to compare the surface roughness before
and after ALE and in each step of the proposed ALE process. The original
CoFeB alloy thin film is very smooth to start with (RMS of 0.61 nm,
Fig. 3a), so the effect of ALE would not likely be observed as a smoothing
but rather as the absence of roughening. The surface roughness does not
change noticeably after it is exposed to acacH at 440 K (Fig. 3b). Chlo-
rination does not change the morphology either, and the RMS confirmed
that the roughness is still in the range of picometers after acacH expo-
sure on chlorinated surface (Fig. 3c). Only annealing to elevated tem-
perature (more than 710 K) can cause pit formation, which increases the
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Fig. 6. High resolution XPS spectra collected (a) on the CoFeB alloy feature,

and (b) on MgO-protected CoFeB feature indicated in the XPS mapped image
shown at the top.

overall RMS to 3.4 nm (Fig. 3e) and this temperature is fully consistent
with similar outcomes for cobalt and iron films reported earlier [10,12].
However, if the heating stops below this temperature, no pitting will
occur, which will be important in temperature-programmed desorption
studies reported below. Fig. 3 also shows the image of the sample surface
after ALE process heated to 550 K with no apparent changes in the
surface roughness.
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Fig. 7. AFM images of the step at CoFeB/MgO feature (a) before ALE, and (b) after 30 ALE cycles, and at CoFeB feature (c) before ALE, and (d) after 30 ALE cycles.
The thickness was measured for the edges of the features marked by arrows on the photograph insets in parts (a) and (c), respectively.

3.4. Thermal desorption investigation

AFM measurements indicate that the CoFeB alloy thin films could be
etched with atomic precision and in the ALE regime using sequential
doses of chlorine and acacH. Given that the relative surface concentra-
tion of the alloy elements and the roughness of the surface are not
affected by the ALE process up to 710 K, thermal desorption can be used
within this temperature interval to follow the species evolving form the
surface. The most complicated part of this analysis is that since TPD was
performed after ALE (which required 440 K processing temperature),
only some remaining surface species could be recorded by this technique
and only if these species are sufficiently volatile. In this work, metal
containing products desorbing from pre-chlorinated, partially oxidized
and non-oxidized (Ar™ sputtered) surfaces were followed by a mass
spectrometer. Again, since acetylacetone (acacH) was introduced to the
surface at 440 K, all the surface species desorbed below this threshold
could not be recorded by TPD. Summary of the TPD experiments is
presented in Fig. 4. The products were starting to desorb around 500 K
on non-oxidized and partially oxidized surfaces. However, if the surface
does not contain additional oxygen, only some Co(acac)Cl metal-
containing fragments were recorded to desorb above 600 K (a temper-
ature where some desorption was reported for clean cobalt surfaces
[12,29]). If the surface contained additional oxygen atoms, a number of
fragments containing both cobalt and iron were recorded to desorb well
below 550 K. This observation does not necessarily rule out the
desorption of metal-containing fragments and compounds from a clean
(sputtered, non-oxidized) surface at the ALE processing temperatures, it
only suggests that these products may have already desorbed before the

TPD experiment. The value of these observations is in the type of
products that can be participating in ALE of this alloy. It is clear that this
is a complex mixture, that oxygen presence is not necessarily detri-
mental and possibly useful in the ALE of the alloy, and that the balanced
kinetics will have to include all the elements in a combination that does
not change the concentration of these elements on a surface of the alloy.
As also demonstrated in Fig. 4, boron can be removed from the surface as
a chloride but also possibly as a mixed ligand compound, with a com-
bination of acac and Cl ligands, which is consistent with the previous
stability investigations of B(acac)Cly compounds [43,44]. Thus, overall
removal of all three elements from the CoFeB alloy follows the formation
of products with overall formula M(acac)yCly.

3.5. Investigation of ALE on a patterned sample containing CoFeB
features, and the same features protected by a thin layer of MgO

To illustrate the efficiency of the proposed ALE with sequential
exposure to chlorine and acacH for electronic devices, it was investi-
gated on a more complicated patterned sample with CoFeB thin film
layers deposited onto a silicon substrate and with selected areas of the
alloy films protected by a thin film (~4 nm) of MgO. MgO was chosen as
a protecting material based on its use in magnetic tunnel junctions. The
sample was annealed at 440 K for 40 min followed by 30 ALE cycles of
sequential exposure to chlorine and acacH. Following 30 ALE cycles,
XPS imaging was performed on the resulting surface. Fig. 5 displays the
schematic illustration of the patterned substrate, mapped image of the
sample, and corresponding representative line profiles for Co, Fe, B, and
Mg. The mapped image and the corresponding line profiles in Fig. 5
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confirm the presence of MgO film covering selected structural features.
As Mg 1s binding energy at 1303 eV may be affected by Cl Auger line
(1304 eV), in this set of experiments Mg 2s binding energy (89 eV) was
chosen to confirm the presence of magnesium based on survey spectra.

Furthermore, high resolution XPS was performed on the CoFeB alloy
surface and on MgO surface before and after 30 ALE cycles to have a
better understanding of the surface composition. As shown in column (a)
of Fig. 6, there is no magnesium present on top of the alloy feature;
however, cobalt, iron, and boron are all observed, and the change in
concentration (or absence thereof) following ALE is consistent with
previous XPS data described above. On the other hand, there is Mg 1s
peak present on the MgO-protected feature shown in Fig. 6(b), which is
slightly shifted to higher binding energy after ALE, this change is likely
coupled with the presence of a small amount of chlorine. Since the
thickness of MgO film is approximately 4 nm, the underlying CoFeB
alloy thin film is also detectable on the MgO-protected alloy, albeit at
much lower intensity, and as expected, no noticeable changes in corre-
sponding spectral ranges are recorded following ALE.

Most importantly, the AFM study for the CoFeB/MgO patterned
sample was used to confirm the selectivity of the proposed ALE mech-
anism to atomically etch CoFeB alloy over MgO thin films. As shown in
Fig. 7a and 7b, the thickness the MgO-protected CoFeB thin film (the
height of the corresponding step) was not changed following 30 ALE
cycles. This step was measured to be 24.9 + 0.5 nm before ALE and 24.4
+ 0.7 nm after 30 ALE cycles. However, at the CoFeB step, where the
alloy is not protected by MgO, the thickness was decreased from 20.7 +
0.6 nm to 16.6 + 0.4 nm after ALE. This observation confirms that with
the proposed etching process, MgO layer would not be etched while
CoFeB alloy films is etched with ~ 0.15 nm/cycle etch rate which is fully
consistent with previous results.

4. Summary and conclusions

The key features of the mechanism of thermal atomic layer etching of
CoFeB thin films were investigated using spectroscopic and microscopic
techniques. It was shown that sequential exposures to chlorine and
acetylacetone result in atomic layer etching of the alloy thin films with
the etch rate that can be optimized to follow true ALE process: 0.15 nm/
cycle. Although achieving an etching regime approaching ALE on an
alloy would not be unexpected, using the same strategy on an alloy that
has a light element, boron, was. TPD experiments showed that there are
several products containing metals with both chlorine and acac ligands
desorbing at the thermal regimes consistent with ALE. Microscopy
studies confirm that by staying below 710 K, the surface remains smooth
following ALE. The long time required for each cycle in these studies was
needed because of the use of a solid-state electrochemical cell for
chlorine dose. The modern industrial scale ALE setups will make the
process much more efficient by using gaseous chlorine directly instead.

A thin layer of MgO was demonstrated to fully protect the CoFeB
alloy from ALE, leading to the processing that can be used in real devices
utilizing MTJs. In this work the approach with patterning the surface
was only investigated to demonstrate the selectivity of etching at con-
ditions optimized for a single material; however, it is easy to translate
the same strategy to show the possibility of etching multiple materials
and thus to pave the way for combinatorial approaches in ALE
investigations.
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