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ABSTRACT

The thermal atomic layer etching (ALE) of germanium-rich SiGe was demonstrated using an oxidation and “conversion-etch” mecha-
nism with oxygen (O,) or ozone (O;), hydrofluoric acid (HF), and trimethylaluminum [TMA, AI(CH;)s] as the reactants. The crystalline
germanium-rich SiGe film was prepared using physical vapor deposition and had a composition of Sij;5Geggs. In situ spectroscopic
ellipsometry was employed to monitor the thickness of both the SiGe film and the surface oxide layer on the SiGe film during thermal
ALE. Using a reactant sequence of O,-HF-TMA, the etch rate of the SiGe film increased progressively with temperatures from 225 to
290 °C. At 290 °C, the SiGe film thickness decreased linearly at a rate of 0.57 A/cycle with a surface oxide thickness of 18-19 A. This
etch rate was obtained using reactant pressures of 25, 0.2, and 0.4 Torr and doses of 1.5, 1.0, and 1.0 s for O,, HF, and TMA, respec-
tively. The TMA and HF reactions were self-limiting and the O, reaction was reasonably self-limiting at 290 °C. Using an O;-HF-TMA
reaction sequence, the SiGe ALE etch rate was 0.42 A/cycle at 290 °C. This etch rate was obtained using reactant pressures of 15, 0.2,
and 0.4 Torr and dose times of 0.5, 1.0, and 1.0 s for O;, HF, and TMA, respectively. The O3, TMA, and HF reactions were all self-limit-
ing at 290 °C. Atomic force microscopy images revealed that thermal ALE with the O,-HF-TMA or O;-HF-TMA reaction sequences
did not roughen the surface of the SiGe film. The SiGe film was etched selectively compared with Si or Si;N, at 290 °C using an O,-HF-
TMA reaction sequence. The etch rate for the SiGe film was >10 times faster than Si(100) or Si;N, that was prepared using low-pressure
chemical vapor deposition. This selectivity for the SiGe film will be useful to fabricate Si nanowires and nanosheets using SiGe as the
sacrificial layer.

Published under license by AVS. https://doi.org/10.1116/6.0000834

I. INTRODUCTION Plasma ALE utilizes a surface modification step typically
involving halogen adsorption.” The surface-modified layer is then
removed by a sputtering process with ions or energetic neutrals.”
The directionality of the ions or energetic neutrals results in aniso-
tropic etching.” In contrast, thermal ALE employs self-limiting,

The continuous scaling of device dimensions has motivated
the semiconductor industry to develop advanced process technol-
ogies. In recent years, atomic layer deposition (ALD) and atomic
layer etching (ALE) have emerged as important processing tech-

niques for miniaturization.”” ALD is a deposition technique that sequential thermal surface reactions.™"° Multiple mechanisms exist
is based on sequential, self-limiting surface reactions.” ALE is an for thermal ALE based on surface modification and volatile release
etching technique that allows the removal of material from the of the surface-modified layer.” The gas-phase thermal reactions
surface in a layer-by-layer manner.” ALE can be based on either etch isotropically in a layer-by-layer fashion.’
plasma” or thermal™" sequential reactions that utilize surface modifi- Processing advanced 3D device structures with atomic-level
cation and removal steps. thickness control has continued to require ALD and ALE. Etching has
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become more essential with the transition from planar to 3D devices.
Both anisotropic and isotropic etching are necessary for the fabrication
of future devices such as gate-all-around and nanosheet transistors.”
Viewing 3D device fabrication like the construction of a skyscraper,
anisotropic etching is used to form the vertical elevator shafts and iso-
tropic etching is employed to form the horizontal hallways.

SiGe is a technologically important material with high carrier
mobility that is needed for the fabrication of novel devices.”” SiGe
can be used in devices that require high electron mobility such as
MOSFETs™'"’ and nanowire transistors.'" SiGe also has properties
that are useful for FinFETs,'” $i/SiGe quantum dots,"” direct bandgap
emitters,'”” mid-infrared waveguides,"” ultra-wideband photonics,®
and MEMS devices.'” The etching of SiGe is required for the fab-
rication of SiGe devices. In addition, SiGe is also used as a sacrifi-
cial layer in the formation of Si nanowires and nanosheets for
nanotransistor structures.”

SiGe alloys can be etched using solution chemistries with
NH,OH/H,0,/H,0"* or HF/H,0,/CH;COOH."” SiGe alloys can
also be etched using chemical vapor etching with gas-phase
HCL’""** There are also many plasma approaches for SiGe etching
using various plasma gases, such as CF,, O, and HBr.””~*° Many of
these SiGe etching approaches can provide selective etching of SiGe
in the presence of Si needed for the formation of Si nanowires and
nanosheets.” However, there have been no previous reports of SiGe
thermal ALE.

In this paper, the thermal ALE of SiGe is reported utilizing
sequential exposures of oxygen (O,) or ozone (Os), hydrogen fluoride
(HF), and trimethyl aluminum [AI(CH3)3]. A schematic showing this
sequence of exposures is displayed in Fig. 1. This procedure utilizes the
oxidation and “conversion-etch” mechanism. O, or O; are used for
oxidation of the SiGe. TMA converts SiGe oxide to ALO;”” HF

SiGe Oxide
(a) 0; 0r 0, SiGe Oxide
a
siGe -
SiGe
o 1 [—ae 1]
SiGe Oxide SiGe Oxide
(b) ?
siGe H,0 SiGe
_ Al(CH,), Etched Thickness
(c) e :I SiGe Oxide
) AlF(CH,), .
SiGe Si(CH,), SiGe
Ge(CH,),

FIG. 1. Schematic for SiGe thermal ALE based on (a) oxidation by O, or O,
(b) fluorination by HF, and (c) ligand-exchange and conversion by Al(CHj)s.
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fluorinates the ALOj; to AIF;.>** TMA also undergoes ligand-exchange
with AlF; to remove the AlF; as volatile products.z()’30

SiGe thermal ALE adds to the growing list of materials that can
be etched using sequential, self-limiting thermal surface reactions.”
Many of these thermal ALE systems involve the fluorination and
ligand-exchange mechanism that is employed for Al,Os;, HfO,,
and ZrO, ALE.»®**?%7'=*3 Other thermal ALE occurs via the
conversion-etch mechanism that is used for SiO,, ZnO, and WO;
ALE.””*"%" The oxidation and conversion-etch mechanism is also
applied for other Si-containing materials such as Si and Si3N,
thermal ALE.”>”” In addition, the oxidation and conversion-etch
mechanism can also define W ALE.™

Il. EXPERIMENT

A. Reactor, in situ spectroscopic ellipsometry, and
reactants

Thermal ALE of SiGe was conducted in a warm wall, hot-stage
type reactor. A complete description of this apparatus has been pre-
sented earlier.’® The walls of the reactor were maintained at 160 °C.
The sample temperature was varied between 225 and 290 °C using
a cartridge heater to heat the sample stage. The sample was held on
the horizontal sample stage by gravity.

The reactor was equipped with an in situ spectroscopic ellipso-
meter (J.LA. Woollam, model M-2000UI). Using this ellipsometer,
the changes in the SiGe film thickness and the surface oxide layer
were monitored in real-time during ALE. The model used to fit
the ellipsometer results employed a stack of Woollam library
files [SiO2_JAW/a-Ge_Adachi_cl/SiO2_JAW/INTRA_JAW(10 A)/
SiTempJAW]. Ellipsometric measurements were recorded after each
ALE cycle during the purging step. The Al,O; oxide layer was not
explicitly considered in the model because the Al,O5 oxide layer is
ultrathin and is merged with the SiO,/GeO, layer.

One SiGe ALE cycle consisted of doses of O, or Os;, HF and
TMA followed by a 30 s nitrogen purge time after each exposure, as
illustrated in Fig. 1. Industrial grade O, (Airgas) was used for the oxi-
dation. This O, was also the feed gas for the O; generator. The O,
was produced by an ozone generator (O30NIA, Switzerland) with an
ozone output of ~15wt. % relative to O,. The HF-pyridine solution
was used as the source of HF vapor.”' HF-pyridine (70 wt. %) and tri-
methylaluminum (97%) were supplied by Sigma-Aldrich. Reported
reactant pressures refer to their partial pressures with respect to the
background N, gas pressure of ~1 Torr. Ultrahigh purity (UHP)
grade N, (99.9999%, Airgas) was used as the carrier gas.

B. Samples and characterization

The sample consisted of a SiGe film with a thickness of
100 nm. This SiGe film was on a thermal SiO, layer with a thick-
ness of 100 nm on a Si(100) wafer. The SiGe film was prepared
using physical vapor deposition (PVD) and was supplied by
Hionix Inc. Rutherford backscattering spectroscopy (RBS) analy-
sis was used to obtain the composition of the SiGe film. The RBS
results yielded a film composition of Siy;5Geggs. For simplicity
in presenting the etching results, the Sig;5Geo g5 film will also be
described as the SiGe film.
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Grazing incidence x-ray diffraction (GIXRD) analysis indi-
cated that the Sip;5Geggs films were crystalline. The GIXRD dif-
fractogram is shown in Fig. 2(a). The GIXRD diffractogram
displayed two broad peaks centered at 20 values of 27.4° and 49.5°.
This diffraction peak pattern is typically observed for cubic poly-
crystalline SiGe or Ge.”

Raman spectral analysis was performed on the Sip;5Gepgs film
using an excitation laser at 514.5nm. The Raman spectrum is dis-
played in Fig. 2(b). The Raman spectrum shows the presence of Si-Si,
Si-Ge, and Ge-Ge phonon modes located at 508.7, 370.9, and
273.7 cm™", respectively.”” The existence of the Si-Ge peak indicates
mixed Si-Ge bonding and no severe Si and Ge clustering. The broad
diffraction peaks also are consistent with nanosized crystallites.

The selectivity experiments used low-pressure chemical vapor
deposition (LPCVD) Si3N, and a silicon-on-insulator (SOI) sample
with a Si(100) layer. These samples were supplied by University
Wafer Inc. The LPCVD SizN, samples had an initial thickness of
100 nm. RBS analysis of this film prior to ALE confirmed a Si-to-N
ratio of 3-to-4. Forward recoil energy spectrometry (FRES) analysis
detected hydrogen impurities in the Si;N, films at <3 at. %. X-ray dif-
fraction (XRD) analysis determined that the SisN, films were amor-
phous. The SOI sample had a 100 nm thick single-crystal Si(100) layer
on a 2000 nm buried SiO, (BOX) film. The Siy;5Geygs> SizN, and
SOI samples were 2 x 2 cm? coupons obtained from larger wafers.

X-ray photoelectron spectroscopy (XPS) was performed using a
Thermo Scientific™ K-Alpha™ XPS system. XPS was used to map the
surface film composition after the etch process. A monochromatic Al
Ko x-ray source at 1486.6 €V was used to collect a survey scan as well
as high-resolution scans for individual elements. The survey scan
used a pass energy of 200eV and a step size of 1eV. The high-
resolution scans were collected with a pass energy of 30 eV and a step
size of 0.1 eV. The x-ray spot size was about 400 um.

The XPS system was also equipped with a dual-beam flood gun
for charge compensation. The Thermo Avantage v5.962 software
package was employed to collect and analyze the data. The XPS
detection limit was ~0.1at. % and the fitting error was estimated to
be around 0.5at. %. The error in binding energies was +0.1eV. All
the peaks were calibrated to the adventitious C 1s peak centered at
284.8 eV. An atomic force microscope (Nanosurf easyScan2) employ-
ing the tapping mode was used to measure the surface roughness
before and after ALE.

Intensity (a.u.)
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FIG. 2. (a) GIXRD diffractogram and (b) Raman spectra of as received PVD
Si0_15G90_35 sample.

SiGe ALE Cycles

FIG. 3. SiGe thickness change and surface oxide film thickness vs number of
ALE cycles using sequential exposures of O,, HF, and TMA at 290 °C.
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sequence where oxygen, hydrofluoric acid, and TMA were dosed
for 1.5, 1, and 1 s, respectively. These doses of O,, HF, and TMA
produced partial pressures of 25, 0.23, and 0.4 Torr, respectively.
The etch temperature of 290 °C was chosen to avoid potential prob-
lems with TMA decomposition that may occur at >300 °C."**!

The linear decrease in the SiGe film thickness in Fig. 3 is consis-
tent with an etch rate of 0.57 A/cycle. The surface oxide layer thick-
ness levels off at about 19 A after 60 ALE cycles. Similar etching
behavior was observed during Si(100) and LPCVD SizsN, thermal
ALE using the same reactants, sequence, and etch temperature.’*>”’
However, in contrast to Si and Si;N, thermal ALE, the Sij;5Geyss
film is etched without using high pressure, static reactant doses.

The ease of etching the SiGe films relative to etching the Si
and Si;Ny films indicates that at least one of the reaction steps

1.5GeO; + 2A1(CH3)3(g) — ALOs + 1.5Ge(CHs)4(g),

The more facile etching of SiGe suggests that the conversion
of GeO, may be the main factor determining the etch rate. In
addition, oxidation of SiGe is enhanced compared with the sepa-
rate oxidation of Si and Ge."”* The Ge/GeO, interface also
has low thermal stability. The Ge/GeO, interface can decompose
to GeO upon heating.”>*° However, GeO desorption is not
reported at <400°C.””" The Al,O; surface layer that forms
during the conversion step during SiGe thermal ALE may also
act as a capping layer, suppress GeO desorption and stabilize the
oxidation process.

B. Effect of reactant exposure

Figure 4 displays the change in SiGe etch rates versus dose
times of O,, TMA, and HF at 290 °C using the O,-HF-TMA reac-
tant sequence. Figure 4(a) shows the SiGe etch rates versus O,
dose times. In this experiment, the dose times for TMA and HF
were fixed at 1s and the oxygen dose time was varied between 0.4
and 2.5s. An increase in O, dose time resulted in a rise in O,
partial pressure from 15 Torr for the 0.4 s dose to 30 Torr for the
2.5 dose. The partial pressures of TMA and HF remained cons-
tant at 0.40 and 0.23 Torr, respectively. The SiGe etch rate
increases with longer O, dose times.

Figure 4(b) shows the SiGe etch rates versus TMA dose times.
The dose times for TMA were varied between 0.4 and 1.7s. The
partial pressure of TMA was about 0.40 Torr and stayed constant
with increasing dose times. The O, and HF dose times were 1.5
and 1.0s, respectively. The O, and HF partial pressures were 25
and 0.23 Torr, respectively. Figure 4(b) reveals that the TMA reac-
tion is self-limiting at TMA dose times >0.4 s. Figure 4(c) displays
the SiGe etch rates as a function of HF dose time. The O, and
TMA doses were 1.5 and 1.0s, respectively. The dose times for HF

ARTICLE avs.scitation.org/journal/jva

during SiGe thermal ALE is more favorable relative to Si or Si3N,
thermal ALE. Thermochemical calculations for the standard Gibbs
free energy change for the oxidation of Si and Ge reveal that silicon
oxidation is more favorable than germanium oxidation,*

Si+ 0y(g) — SiO,, AG°(300°C) = —193 kecal, (1)

Ge + O,5(g) — GeO,, AG°(300°C) = —112 kcal. (2)

In contrast, the conversion of GeO, to Al,O3 is more favorable
than the conversion of SiO, to Al,O; using TMA,*
AG°(300°C) = —88 kcal,

AG®(300°C) = —170 kcal. (4)

varied between 0.5 and 1.7s. Figure 4(c) demonstrates that HF
reaction is self-limiting at HF dose times >0.5s.

C. Temperature dependence of etch rate

Figure 5 shows the SiGe etch rate dependence on temperature.
These results were obtained using the O,-HF-TMA reactant
sequence at 225, 240, 260, 275, and 290 °C. The O,, HF, and TMA
dose times were 1.5, 1.0, and 1.0's, respectively. These doses pro-
duced partial pressures of 25, 0.23, and 0.40 Torr for O,, HF, and
TMA, respectively. The etch rate increases from 0.07 A/cycle at
225°C to 0.57 Afcycle at 290 °C. This increase in temperature is
consistent with a thermally activated process. An Arrhenius plot of
the temperature-dependent SiGe etch rates is shown in Fig. 6. An
activation barrier of E, = 16.3 kcal/mol is derived for the combined
oxidation, conversion, fluorination, and ligand-exchange reactions
during SiGe thermal ALE.

Similar thermally activated etching was observed during
$i(100) and LPCVD Si;N, thermal ALE.*>”" The thermal ALE of
these silicon-containing materials was also performed using the
oxidation and “conversion-etch” mechanism using O, or Oz, HF,
and TMA. An activation barrier of E, =13.4 kcal/mol was mea-
sured for SisN, ALE.” The temperature-dependent etching of
Si(100) was only performed for three different temperatures.’
These temperatures yield an activation barrier of E, = 6.0 kcal/mol.
The variation between these activation barriers for SiGe, SizN,, and
Si etching may be attributed to the different substrate compositions
and reaction parameters. SiGe substrate is Ge-rich with a composi-
tion of Sip15Geggs. The SiGe etching was also performed at lower
O, pressures. In addition, the etching of Si;N, and Si was con-
ducted using static pressures compared with viscous flow condi-
tions for SiGe etching.
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D. Surface roughness and composition after etching

Figure 7 shows AFM images with dimensions of 10 x 10 um
of the Sip;5Geg g5 film surface before and after 100 ALE cycles.

FIG. 6. Arrhenius plot of the temperature-dependent SiGe etch rates.
The etching was performed at 290 °C using the O,-HF-TMA e perlure-dep I
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FIG. 7. AFM image of Siy 15Gey g5 film surface (a) before and (b) after 100 ALE cycles using the O,-HF-TMA dose sequence at 290 °C.

Figure 7(b) shows the corresponding surface topography after
100 ALE cycles. The RMS roughness for the etched sample
increases slightly to 9.5 + 0.2 A. This result is similar to the results
for the thermal ALE of Si(100) and LPCVD SisN, where no
significant change in roughness was observed after ALE.*”
The AFM image in Fig. 7(b) also observes some small nanoparti-
cles evenly spread on the surface. Additional AFM measurements
determined that the average size of these nanoparticles was
~100 nm. Attempts to determine the identity of these nanoparti-
cles using energy dispersive spectroscopy (EDS) were not
successful.

Ex situ XPS analyses were performed to determine the surface
elemental composition of the Sig15Geg g5 film before and after 100
ALE cycles with the O,-HF-TMA reactant sequence at 290 °C. The
Sip.15Geg gs surface prior to etching had a composition of 38.8,
50.9, 5.2, and 5.1 at. % for Ge, O, Si, and C, respectively. After 100
ALE cycles ending with a TMA dose and subsequent atmospheric
exposure, the surface of the Sip15Geggs film had a composition of
39.1, 29.4, 8.8, 209, 0.8, 1.0at. % for Ge, O, Si, C, F, and Al
respectively. The small F and Al XPS signals are consistent with
efficient ligand-exchange that nearly removes the AlF; surface
layer after the TMA dose.

Figure 8(a) shows the high-resolution Ge 3d XPS spectra of
Sig.15Geo g5 before and after ALE. Both spectra reveal the Ge® 3ds,,
XPS peak at 29.4 eV. The prominent shoulder peak centered near
33.5+0.1eV before ALE can be assigned to the SiGeO, mixed
oxide.”" This XPS peak is much smaller after ALE. The decrease of
this XPS peak is consistent with the reduction of the surface oxide
after ALE. As shown in Fig. 3, the Sip;5Geggs film has a native
oxide with a thickness of ~31 A before ALE. The thickness of the
surface oxide decreases to ~19 A after ALE.

There are also shoulder XPS peaks at a lower intensity in
Fig. 8(a) that are attributed to Ge in the 1+, 2+, 3+, and 4+ oxida-
tion states. The chemical shifts of Ge'", Ge**, Ge>", and Ge*" rel-
ative to Ge” have been reported as 0.8, 1.8, 2.75, and 3.3 eV,
respectively.”” " The dashed lines show the binding energies for
these Ge oxidation states. The various Ge oxidation states are dif-
ferent before and after ALE. The low amount of the Ge oxidation
after ALE could be explained by GeO, reduction by TMA during
the conversion step. Previous studies have revealed the partial
reduction of GeO, after Al,O; ALD using TMA and H,O as the
reactants at 300 °C.””

Figure 8(b) displays the Si 2p XPS spectra of the Sip;5Geqss
film before and after ALE. The peak at 99.5 €V is assigned to the Si
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FIG. 8. XPS spectrum of (a) Ge 3d, and (b) Si 2p signals for Sip15Gegs
sample before and after 100 cycles of ALE at 290 °C using O,-HF-TMA
sequence.

2ps/, XPS peak of elemental Si. Before ALE, there is also a Si 2p XPS
peak around 103.5eV corresponding to surface SiGeO,."' After
ALE, there is a high-intensity Si 2p shoulder peak at about 102.9 eV.
The dashed lines in Fig. 8(b) show the binding energies for elemental
Si and various silicon oxidation states from 4+ to 1 +. The chemical
shifts of Si'*, Si**, Si’*, and Si** relative to Si have been reported as
0.9, 1.9, 2.6, and 3.4 €V, respectively.”>”” The high-intensity Si 2p
shoulder peak after ALE is assigned to the Si*'" oxidation state.

There are also changes in the lower oxidation states of Si in
the Sig 15Gep g5 film before and after ALE. The Si** and Si** oxida-
tion states are much more prominent after ALE. Oxidation during
ALE converts Si to SiO,. The higher intensity silicon suboxides
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FIG. 9. XPS spectrum of (a) Al 2p and (b) F 1's signals for Sig 15Geg g5 Sample
after 100 cycles of ALE at 290 °C using O,-HF-TMA sequence.

may be attributed to the reduction of SiO, from Si** to Si subox-
ides by TMA. SiO, reduction has been observed previously during
SiO, ALE using TMA and HE.”" The presence of Ge should not
shift the Si XPS peaks nor should the presence of Si affect the Ge
XPS peaks.”™”” In addition, SiO,F, could be formed by the HF
fluorination step during ALE.” SiO,F, species have a Si 2p;,, XPS
peak at 102.8 + 0.4 eV.”"

Figure 9 shows high-resolution XPS spectra for Al 2p and
F 1s from the Sig;5Geggs film after 100 ALE cycles. Figure 9(a)
shows that the Al 2p XPS peak is observed at 75.4 eV. This binding
energy is higher than ~745eV for ALO;" and lower than
~77.3 eV for AlF5.°" The binding energy of 75.4 eV is fairly close to
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the binding energy of 74.9 eV for aluminosilicate (ALLSiOs).%” The
binding energy of 75.4 eV for the Al 2p XPS peak in Fig. 9(a) is
consistent with an AIOF, species.”’ ™"

The F 1s spectra in Fig. 9(b) exhibits a maximum located
around 686.2 eV. This binding energy is in agreement with the
fluoride peak expected for SiF or GeF surface species.”® Since
Fig. 9(b) did not display an Al 2p peak with binding energy as
high as ~77.0eV for AlFs,"’ there is probably no AlF; on the
surface. These results argue that the ligand-exchange reaction
with TMA must remove the AlF; surface species after the previous
fluorination reaction.”” The remaining F species are most likely
SiGeO,Fy species.

E. Removal of residual surface oxide

SiGe thermal ALE involves the formation of a surface oxide
layer. This oxide layer remains on the surface after ALE. In previ-
ous work on the thermal ALE of Si-containing materials, the
surface oxide on Si or SizN, after ALE has been removed using
sequential HF and TMA exposures.”>”” This approach is based on
the SiO, thermal ALE process.”’

Figure 10 displays the surface oxide thickness and the SiGe
film thickness change during 40 sequential cycles of TMA and HF
at 290 °C. These cycles were performed after SiGe ALE with O,,
HF, and TMA sequential exposures. The etching was performed
using TMA doses of 1s and HF doses of 0.7s. There was a 30s
purge time between the HF and TMA doses. Partial pressures of
TMA and HF were 1.2 and 0.4 Torr, respectively.

Figure 10 shows that the surface oxide thickness is rapidly
decreased from ~14 to 5A in the first 6 oxide ALE cycles. The
surface oxide thickness is then apparently unchanged over the next
34 oxide ALE cycles. Similar behavior was observed during surface
oxide removal using TMA and HF after the thermal ALE of
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-
< | 290°C 1 3
- - TMA, 1s, 1.2 Torr 1
& 6F HF,0.7 s, 0.4 Torr ] 10 9
c I ] a
g | ] @
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L ] Y
= 9 E
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FIG. 10. Surface oxide thickness and SiGe thickness change as a result of
surface oxide removal using sequential doses of TMA and HF at 290 °C.
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$i(100) and LPCVD Si;N,.”*"” The true oxide thickness may be
negligible because the apparent oxide thickness obtained from the
ellipsometry analysis may be associated with surface roughness.””**
Figure 10 also reveals that the SiGe film thickness is nearly constant
during the surface oxide removal.

F. Effect of precursor exposure sequence

The precursor dose sequence may affect the SiGe etch rate.
Figure 11 compares SiGe thickness change versus number of ALE
cycles for O,-HF-TMA and O,-TMA-HF dose sequences at 290 °C.
The O,, HF, and TMA reactants were dosed for 1.5, 1.0, and 1.0,
respectively, with a 30s purge in between each reactant dose.
Figure 11 shows that the O,-TMA-HF sequence slightly lowers
the etch rate to 0.45 A/cycle compared with the etch rate of
0.57 A/cycle for the O,-HF-TMA sequence.

Similar results were obtained during thermal ALE of Si(100)
and LPCVD Si;N, using the oxidation and “conversion-etch” mech-
anism.”””” The O,-TMA-HF reactant sequence displayed a lower
etch rate compared with the O,-HF-TMA reactant sequence. The
difference in etch rates is believed to be related to the favorability of
TMA exposures following the HF exposures. TMA can undergo
ligand-exchange with the fluoride surface layer after HF exposures.
In contrast, TMA exposures after the O, exposures could lead to
additional AL,O5; growth that may reduce the ALO; removal and
slow the SiGe etch rate.

G. Etch selectivity of SiGe vs SizN, and Si

The selective etch of SiGe would be useful to fabricate Si
nanowires and nanosheets using SiGe as the sacrificial layer.’
Figure 12 shows the etching results for Si(100), LPCVD Si;N,, and

z I

o 0 B0, TMAHF 1

g —8—0,-HF-TMA 1

= | .
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FIG. 11. SiGe thickness change vs number of ALE cycles for the O,-HF-TMA
and O,-TMA-HF exposure sequences at 290 °C.
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FIG. 12. Si, SizN4, and SiGe film thickness changes vs the number of ALE
cycles for the O,-HF-TMA exposure sequence at 290 °C.

SiGe films using the O,-HF-TMA reactant sequence. The film
thickness changes were measured in three separate runs using the
same reaction conditions at 290 °C. O,, HF, and TMA were dosed
for 1.5, 1.0, and 1.0s, respectively, with 30 s purge times between
each reactant dose. These doses produced partial pressures of 25,
0.20, and 0.40 Torr for O,, HF, and TMA, respectively.

Figure 12 demonstrates that the etch rate for the SiGe film
is much faster than the etch rates for the Si and Si;N, films at
290 °C. The SiGe film has an etch rate of 0.57 A/cycle. In con-
trast, the Si and SisN, films display an etch rate of 0.05 A/cycle.
The SiGe etch rate is >10 times higher than the etch rate for Si or
SizNy. The selective etching of SiGe in the presence of Si is
needed for the formation of Si nanowires and nanosheets for
nanotransistor structures.’

H. SiGe thermal ALE using Oz

O; may also be an effective oxidation reactant for SiGe
thermal ALE. Figure 13 shows the SiGe thickness change and
surface oxide thickness versus the number of ALE cycles at
290 °C using an O3;-HF-TMA reactant sequence. The dose times
of O3, HF, and TMA were 0.5, 1.0, and 1.0s, respectively. Partial
pressures during the O3, HF, and TMA doses were 15, 0.2, and
0.4 Torr, respectively. The purge time after each reactant expo-
sure was 30 s. After a nucleation period of about 20 ALE cycles,
the SiGe thickness decreased linearly with a rate of 0.42 A/cycle.
The surface oxide thickness also leveled out at about 32 A after
~25 ALE cycles.

The SiGe etch rate of 0.42 A/cycle using Os in the Os-HF-TMA
reactant sequence is similar to the SiGe etch rate of 0.57 A/cycle
using O, in the O,-HF-TMA reactant sequence as obtained from
Fig. 3. Direct comparison of the SiGe etch rates is difficult because
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FIG. 13. SiGe thickness change and surface oxide fim thickness vs the
number of ALE cycles using sequential exposures of O, HF, and TMA at
290 °C.

the O; and O, pressures and dose times were different. Comparable
etch rates with O; were also observed during Si and Si;N4 ALE when
O, was replaced with 03.”*" The surface oxide thickness of ~32 A
using O is larger than the surface oxide thickness of ~19 A using O,
as shown in Fig. 3. Larger surface oxide thicknesses are expected for
05 because ozone is a more powerful oxidizer than O,.

The larger surface oxide thickness when using O; in the
O5-HF-TMA reactant sequence is consistent with thermochemical
calculations. The standard Gibbs free energy changes for the reac-
tion of O5 with Si and Ge are’”

Si+ 1/1.503(g) — SiOy; AG°(300°C) = —222 kcal/mol, (5)

Ge+1/1.503(g) — GeOy; AG®(300°C) = —141 kcal/mol. (6)

In comparison, the standard Gibbs free energy changes for the
reaction of O, with Si and Ge are AG°(300 °C) = —193 kcal/mol
and AG°(300 °C) = —112 kcal/mol for Si and Ge, respectively, as
given in Egs. (1) and (2). The larger standard Gibbs free energy
changes may lead to larger surface oxide thicknesses.

I. Effect of reactant exposure

Figure 14 displays SiGe etch rate versus O;, TMA, and HF
dose times using an Oz-HF-TMA reactant sequence at 290 °C.
A purge time of 30s was used between the reactant doses.
Figure 14(a) shows the change in the SiGe etch rate versus O; dose
times from 0.5 to 2.0s. The Oj partial pressure increased from
15 Torr for the 0.5s dose to 26 Torr for the 2.0 s dose. The TMA
and HF dose times were fixed at 1s. The partial pressures of TMA
and HF were constant at 0.4 and 0.2 Torr, respectively. The results
in Fig. 14(a) demonstrate that the Oj reaction is self-limiting and
independent of O; dose time and pressure for O; dose times >0.5 s.
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ol . O; forms a thicker surface oxide layer than O,. This thicker surface
s I a) 7 oxide layer could act as a more effective diffusion barrier layer to
a- 05 _ i prevent progressive oxidation.®”

R | ] Figure 14(b) shows the SiGe etch rates versus TMA dose time.
~ 04l i The TMA dose times varied from 0.5 to 1.5 s while the O; and HF
S dose times were 1.5 and 1.0s, respectively. The TMA reaction is
g 03}k i self-limiting for TMA dose times >0.5s. Figure 14(c) presents the
= ! 290°C SiGe etch rate versus HF dose time. The HF dose times varied
9 02 between 0.5 and 2.0 s while the O3 and TMA dose times were 1.5
w HF,15s,0.2 Torr | and 1, respectively. In similarity with the results for O; and TMA,
8 0.1 EMfI'FA‘TSI’:"IgA Torr | the HF reaction is self-limiting for HF dose times >0.5s. The
& 0 - g partial pressures of TMA and HF did not vary with increased dose

bbbttt bt el times in Figs. 14(b) and 14(c).
0.0 0.5 1.0 1.5 2.0 2.5

O; Dose Time (s)
0.6 p—r——r—t—r—T—r—T—"—T—TT—TT—

) i )
C o5k b) - Z-Axis - Scan forward Line fit
3 v =
< 04} - -
4+ L L [
b= =
g 03F e -
= [ 290°C ] -
g 02r 0, 15, 25 Torr ] £
@ 0.1 HF,1s, 0.2 Torr
Qo I O;-HF-TMA |
m 0 2 1 2 1L 2 1 2 1 2 L 2 L 2 1 2

00 02 04 06 08 10 12 14 16

TMA Dose Time (s)

1 —

Z-Axis range

@ | o) .
7]
0.5 -
g
< 04} -
Q2 - om N 9.27um
g 0.3 F .
] o Z-Axis - Scan forward Mean fit
< 290°C
8 02 0,,1.5 s, 25 Torr ] E
| 2155, ) 5 RMS8.2+0.2A
o 01 TMA, 1s,0.4 Torr |
9 | 0,-HF-TMA
(2] (| 'SP B BRI N g,
0.0 0.5 1.0 15 2.0 E &
HF Dose Time (s) : 3
r
FIG. 14. SiGe etch rate vs (a) O3, (b) TMA, and (c) HF dose times at 290 °C. '
E
@

Om 9.27um

The SiGe etch rate versus O; exposure is more self-limiting
than the SiGe etch rate versus O, exposure shown in Fig. 4(a). This
behavior could be attributed to the higher oxidation power of O
compared with O,. A comparison of Figs. 3 and 13 indicates that

FIG. 15. AFM image of Siy 15Geg g5 film surface after 100 ALE cycles using the
05-HF-TMA dose sequence at 290 °C.
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J. Surface roughness after etching

Figure 15 shows the AFM image of the Si;5Geg g5 film after
100 ALE cycles at 290 °C using O as the oxidant. The etching was
conducted using the O;-HF-TMA reactant sequence with O;, HF,
and TMA dose times of 1.5, 1.0, and 1.0s, respectively. The AFM
measurements indicate that the RMS surface roughness after 100
ALE cycles is 8.2 0.2 A. This surface roughness is similar to the
RMS surface roughness of 8.3+0.2 obtained for the initial
Sig15Geggs film in Fig. 7(a). This result is a slight improvement
compared with the small RMS surface roughness increase to
9.5+0.2 A observed when using O, in the O,-HF-TMA reaction
sequence in Fig. 7(b).

IV. CONCLUSIONS

The thermal ALE of SiGe was studied using an oxidation and
“conversion-etch” mechanism with either an O,-HF-TMA or
O;-HE-TMA reactant sequence. The SiGe sample was a crystalline
germanium-rich Sij;5Geggs film. The SiGe film thickness and the
surface oxide layer thickness on the SiGe film were both monitored
during thermal ALE using in situ spectroscopic ellipsometry. The
ellipsometric analysis measured a temperature-dependent etch rate
from 225 to 290°C. The maximum etch rate was measured at
290 °C, where the SiGe film thickness decreased linearly at a rate of
0.57 A/cycle. During this SiGe thermal ALE, the surface oxide
thickness was constant at ~19 A.

Additional experiments using the O,-HF-TMA reaction
sequence revealed that the TMA and HF reactions were self-limiting
and the O, reaction was reasonably self-limiting at 290 °C. Atomic
force microscopy images revealed that thermal ALE with the
O,-HF-TMA reaction sequence did not roughen the SiGe film. SiGe
thermal ALE was also very selective to SiGe compared with Si or
SizN, using the O,-HF-TMA reaction sequence. The etch rate for the
SiGe film was >10 times faster than Si(100) or SisN, at 290 °C.

Comparable etch rates were measured using an Os;-HF-TMA
reaction sequence. The etch rate for SiGe was 0.42 A/cycle at 290 °C.
The O3, TMA, and HF reactions were all self-limiting at 290 °C. In
addition, atomic force microscopy images showed that the SiGe film
was not roughened by thermal ALE with O;-HF-TMA reaction
sequences. Thermal ALE of SiGe using the oxidation and
conversion-etch mechanism should be useful to fabricate SiGe devices.
In addition, thermal ALE of SiGe could be employed to form Si nano-
wires and Si nanosheets using SiGe as the sacrificial layer.
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