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Si-O-Cu mode (1010 cm™) as well as the Cu diffusion in SiO, modes (970 cm™ and 1112
cm™). The loss of -OH bending mode at 1660 cm™ indicates the replacement of -OH
group by the Cu precursor. The 1% NH; exposure reacts with the intact ligand [v(NCN) at
1510 cm™'] from the previous Cu precursor dosing. The appearance of the band at 1608
cm’' indicates that a big part of the intact ligands are not removed but rearranged by NH.
Therefore, only a part of v(CHy) around 2956 cm™ is reduced. A little Cu agglomeration is

observed by the weak band at 1247 cm™ in the spectrum of the 1% NH; dosing.
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Fig 6.25 FTIR absorption spectra of 20 cycles CuzN on SiO, at 160°C. All spectra are
referenced to SiO, surface. Less Cu diffusion and some ligand related impurities are
observed in the spectra. The growth rate is low.

There is an increase of the intact ligand upon the 2™ Cu pulse as evidenced by a
positive 1510 cm™ peak. This 2" Cu pulse also removes the rearranged ligand band at
1608 cm™ as shown in the previous section. The variation in the SiO, phonon modes
suggests that the previous NH; dosing reacts with the ligand on the surface, recovering
more reaction sites on the SiO, surface for the subsequent Cu precursor. For the
following cycles, the same scheme continues. The decreased ligand feature for 20™ cycle

indicates the growth rate decreases with more ALD cycles.
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By using the starting SiO, surface as the reference, the accumulation of all
substances of the film is studied as shown in Fig 6.25. Very little agglomeration and
diffusion are observed in this case compared to the Cu deposition on SiO,, implying a
smooth and uniform growth.

The 20-cycle Cu;N film is annealed in forming gas [mixture of H, (10%) in Ny, ~5.2
torr, 5 min] at 200°C and then at 225°C to reduce the film to Cu. Fig 6.26 shows the FTIR
absorption spectra of the annealing which are all referenced to the as-deposited CuszN
film. A part of the intact and rearranged ligands are removed as evidenced by the negative
peaks at 1510 cm™ and 1608 cm™ as well as the loss of CH, stretching modes. At 225°C,
the decomposition of CusN film is more obvious. A broad peak around 1200 cm’
assigned to SiO, phonon mode may suggest the agglomeration of Cu. Since the intensity

is weak, the Cu agglomeration is not as drastic as on SiO; surface.
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Fig 6.26 FTIR absorption spectra of 20 cycles CusN reduced by forming gas. All spectra
are referenced to 20 cycles as-deposited CuzN on SiO; surface. Only part of the ligand-
related modes are reduced.

The XPS analysis is summarized in table 6.8. The Cu concentration suggests a low

deposition growth rate. According to RBS measurement, the thickness of the Cu reduced
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from 20-cycle CusN is ~0.34 nm.

Table 6.8 The summary of element concentration by XPS results for 20 cycles of reduced

CU3N
Flements Cu C N O Si
Concentration (%) 9.8 40.1 2.1 34.2 13.8

6.6 Summary

As a summary of this chapter, we successfully deposited copper using a novel liquid
Cu precursor--copper(I) di-sec-butylacetamidinate ([Cu(sBu-amd)];) and molecular
hydrogen on different substrates. The gas phase IR spectrum shows that the precursor is
partially hydrolyzed. In-situ FTIR spectroscopy, ex situ RBS, and XPS are used to study
the ALD processes with the temperature range from 100°C to 300°C. On oxidized Si(100)
surfaces (~6-10 nm SiO;), the evolution of SiO, phonon modes in the IR spectra clearly
shows the agglomeration and the diffusion of Cu on/into SiO; during the initial 10 cycles.
Cu agglomeration and diffusion increase when the deposition temperature is raised. The
hydrogen reduction of the surface ligand and ligand rearrangement are observed by the
modes attributed to CH, and -NCN- bonds.

Ex situ XPS results confirm the deposition of copper on the SiO, surface. Both FTIR
and XPS results show residue ligand impurities inside the Cu film with small amount of
N (< 2%) and substantial amount of C for the initial cycles due to incomplete ALD
reactions. The Cu growth rate is determined by ex situ RBS measurements. The
maximum growth rate on SiO; is found in the range of 185-250°C based on one ALD
cycle. At 185°C, the thickness of 10 cycles Cu is 1.04-1.18 nm, and the film is very
uniform.

The Cu deposition at 185°C on other surfaces are studied as well, such as the
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hydrogen -terminated Si(111) and Si (100), nitrided Si(100) (SiNy) and Al,Os surfaces.
FTIR and XPS show the similar film contents and growth mechanism as on SiO,.
However, much lower growth rate is found for all those surfaces than that of SiO, surface;
i.e., 0.09 nm on H/Si(111), 0.14 nm on SiNy and 0.44 nm on Al,Os after 10 ALD cycles.
This indicates that [Cu(sBu-amd)], has low adhesion on those surfaces.

At last, CuzN is deposited on SiO; at 160°C successfully. The ligand exchange of the
ALD process is observed by FTIR. After annealing at 225°C in forming gas, the Cu;N is
partially reduced to Cu with little Cu agglomeration. FTIR spectra show the incomplete

loss of CHy and ligand bands, and XPS analysis confirms the residue C and N impurities.
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Chapter 7: SAMs Modification of H/Si, and ALD of
A1203, HfOz and Cu on SAMs

Self assembled monolayers (SAMs) have been attracting tremendous interest of
current researchers since 1980’s for its excellent physical and chemical properties and
wide applications in many areas [1, 2, 3, 4, 5, 6]. It may show different physical and
chemical properties depending on its structure and composition so that it can be used to
modify the surface for both the wet-chemical control of surface reactivity and the surface
functionalization in molecular growth processes.

Generally, SAMs are prepared by surfactant molecules spontaneously attaching a
monomolecular layer onto different surfaces. Without complicate and expensive
experimental instruments, SAMs can be prepared simply by the putting the substrate into
a solution of the desired molecule and then removing the excess. Typically, the molecules
in a SAM are attached to the surfaces via chemical bonds which are dense and
well-ordered exhibiting higher stability than normal organic thin films [7].

SAM is an ideal system that allows fundamental studies of interfacial chemistry and
self-organization. The examples of the functional head groups of SAMs are -SH, -CN,
-COOH, -NH,, -CH3, and so on. Alkyl thiols on gold [8] and Alkyl silanes [9] on SiO; are
the most well studied two SAM systems. It can be used as sensors, transducers, protective
layers and has many other applications [1, 5, 10].

Due to the high flexibility of functional head groups of SAMs, they have special
meaning in ALD. By varying the functional head groups to reactive or unreactive groups,
selective ALD growth is achieved [11, 12], and Fig 7.1 shows an example [11]. In

addition, SAMs (alkyl chains) have shown extraordinary electrical properties close to the
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ideal insulator on Si via direct Si-C bonds [13]. This Si surface passivated by alkyl chains
through Si-C bonds has shown high stability both in the air and in water [7]. These types
of SAMs can also serve as diffusion barrier to protect surfaces from oxidization. Another
advantage of using SAMs for ALD is that the appropriate functional head group can have
higher reactivity than H/Si so that lower reaction temperature can be used which is
preferable to minimize the formation of interfacial SiO, during the deposition of high-k
metal oxide or the incubation period can be reduce. Thus, SAMs are becoming a

promising method to modify surfaces for ALD application [14].
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Fig 7.1 Area-selective growth of HfO, [11]. On the patterned SiO,/Si surface, since
ODTS can only be grown on Si0O,, so only the SiO, area is covered by SAM. The
functional head group of the SAM (as “R” in the Figure) is chemically unreactive. Thus
the HfO, can only be deposited onto the Si-H area. By this method, area-selective growth
of ALD is achieved.

In this chapter, we will discuss the application of SAMs passivated Si based on

H/Si(111) starting surface. The stability including thermal annealing and ozone exposure
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is studied. Then ALD of Al,O3;, HfO, and Cu are deposited on SAMs to investigate the
precursor/surface interaction and film quality for potential applications. Two types of
SAMs are studied, the -CH; terminated SAM and -COOH terminated SAM, since one

has the chemically unreactive head group and the other has the reactive head group.

7.1 Stability of the -CH; and -COOH SAMs

-CHj; SAM is prepared as  follows: neat I-octadecene  (Cis,
NN s pre-treated with molecular sieve, and then N gas is
bubbled through the solution for at least]l hour to remove the oxygen and H,O. H/Si(111)
sample is placed into the solution for 2 h at 200°C with N, purging. After the reaction, the
sample is removed and rinsed with THF, dichloromethane and dionized water, and then

dried by Na.

Sy

Und ns

-CH3 SAM -COOH SAM

Fig 7.2 The schematic of -CH3 SAM and -COOH SAM. The molecules are directly bond
to H/Si(111) surface via Si-C bond. The number of carbon atoms is marked on the left of
the figure.

Similarly, -COOH monolayer 1is formed via thermal hydrosilylation by
I-undecylenic acid (/\/\/\/\/\ COOH). Fresh H/Si(111) is immersed into

distilled neat deoxygenated 1-undecylenic acid under argon or N, and heated at 120°C for

2-15h. After the reaction, the derivatized silicon sample is removed, rinsed with ethyl
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acetate, then further cleaned by sonication in hot acetic acid followed by immersion in
boiling dichloromethane, and dried by N,. Then the freshly prepared SAMs are
introduced into ALD chamber for further treatment. Note that all the following spectra

are taken at incident angle of ~74°.
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Fig 7.3 Absorption spectra of (a) -CH; SAM and (b)-COOH SAM referenced to

H/Si(111). Small amount of Si-O for CH; SAM and no oxide for COOH SAM are
observed.

The schematic of the two SAMs are shown by Fig 7.2. The -CH; SAM has 18
carbon atoms and -COOH SAM has 11 carbon atoms in total. The IR spectra of -CHj
SAM and -COOH SAM are presented in Fig 7.3(a) and (b), which are referenced to the
H/Si(111). For both spectra, the loss of Si-H is shown as negative peak around 2083 cm’
[v(Si-H)], indicating that the desired molecules have been chemically bonded to the Si
surface via Si-C by replacing the surface hydrogen. For the -CH; SAM, the monolayer is

featured by CH,; scissoring deformation mode at 1465 cm'l, vas/Vs(CHy) at 2924/2853
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cm’™, Va/Vs(CH3) at 2966 cm™'/2883 cm™. CH, is the dominant part in the hydrocarbon
chains. The loss of surface hydrogen is ~83% which is higher than the ideal coverage of
alkyl chains on H/Si (~50%) [15]. The extra loss of hydrogen is due to the small amount
of oxidation which can be observed around 1000 cm™ (Si-O phonon). According to the

integrated area of the Si-O band, the thickness of SiO, is ~2 A.

As for -COOH SAM in Fig 7.3(b), the loss of Si-H is ~58% according to the
negative v(Si-H) band at 2083 cm™ after alkylation, indicating the coverage of SAM. It is
in good agreement with theoretical predictions for alkyl chains adsorption on H/Si(111)
surfaces [15]. The vibration features of the carboxylic acid head group--the strong C=0
stretching mode at 1714 cm™, C-OH stretching mode at 1276 cm™, and C-O-H bending
modes at 1413 cm™'--suggest that the acid end group is intact after the reaction [16]. The
interface reaction is dominated by thermal hydrosilylation of surface Si-H with C=C [17,
18]. The absence of any absorption band corresponding to Si-O-C around ~1100 cm™
confirms the direct bonding of Si-C. It should be note that the free carboxylic acid

carbonyl stretching frequency should be ~1760 cm™. The observed frequency of C=0 is

hydrogen bond which will redshift the frequency to ~1710 cm™ [19, 20]. In addition,
8(CH,) at 1460 cm™ from the Alkyl chains is observed as well.

The stretching modes of CH; at 2926 cm’ (asymmetric) and 2854 cm’ (symmetric),
have been correlated to the degree of chain packing [21, 22]. Our observed value of 2926
cm’ is very close to that of the best monolayer with -COOH terminated SAM (2924 cm™)
[23]. For methyl-terminated SAM, the best v,s(CH,) value has been achieved is ~ 2918
cm’. However, as we will show later, the overall quality of the -COOH SAM is good

enough to protect the silicon surface from oxidation during the ALD process without
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decomposition.

In contrast to the -CH3; SAM, the absence of absorption bands in the 900-1200 cm’!
region for -COOH SAM indicates that the surface is essentially oxide free (no SiOs,
Si-O-C or Si-O-Si bonds). The presence of the carboxylic end group is thought to be
responsible for the integrity of the interface by trapping residual water during reaction

which prevents water diffusion through the SAM layer.

Thermal stability

Then the fresh SAMs are loaded into our ALD chamber immediately to perform the
thermal stability check. Thermal annealing is carried out in purified N, (impurity < 107
ppm) at ~3-4 torr for 5 min. All experiments are done by in situ method to minimize the
interference from the external environment. The annealing results are shown in Fig 7.4(a)
and (b) for -CH; SAM and -COOH SAM respectively, which are both referenced to the
fresh SAMs.

As in Fig 7.4(a), by observing the evolution of CH, and CHj stretching bands
(2800-3000 cm™) as well as the variation in the SiO, phone mode (900-1200 cm™), the
stability is directly obtained. This type of SAM is stable up to 150°C. Upon 200°C, CH,
and CHj3 start to decompose as shown by negative bands along with the formation of a
broad Si-O band around 1000 cm™, implying the degrading of the SAM and the oxidation
of the silicon surface. The degradation strongly occurs at 300°C, ~55% according to the
intensity loss of v(CH;) and v(CHj3), which is in good agreement with the literature
measured by ATR [24]. The loss of CH, deformation mode at 1465 cm™ is observed
above 300°C as well. In addition, the weak feature appearing at 2080 cm™ upon 300°C
annealing is attributed to the formation of Si-H bonds on the Si surface. It was previously

observed in UHV environment and taken as the evidence for thermal decomposition of
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alkyl chains through B-hydride elimination with cleavage of Si-C bonds [25]. Note that
the observed Si-O TO/LO frequencies (984 cm™ and 1105 cm™) is lower than that of
typical SiO, phonon modes (1060 cm™ and 1250 cm™) [26], indicating the Si-O-C could

be involved which will redshift the Si-O frequency.
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Fig 7.4 The annealing results of (a) -CH3; SAM and (b)-COOH SAM in N, referenced to
the fresh SAM surface. COOH SAM is more stable than CH; SAM. The stability can be
inferred from the loss of CH, modes and C=0 modes.
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Shown by Fig 7.4(b), the -COOH terminated SAM exhibits a quite different thermal
behavior, where its Alkyl chain is more stable than that of -CH; SAM. At 150°C the
surface shows no loss for both -CH, and -COOH groups. However, the positive spikes
appearing at 2916 cm™ [v4(CH,)) and 2848 cm™ [v(CH,)] may indicate the -CH, chain is
perturbed such as tilted or reorganized to more ordered status.

Upon 200°C, the SAM starts to degrade evidenced by a little loss of v(C=0) at 1714

cm™ which is the key feature of the -COOH functional group, and v(C=0) partly

and become isolate -COOH due to the degradation. The broad Si-O band at 900-1200
cm’ indicates the oxidation of Si surface. However, the -CH, chain remains intact until

350°C, showing higher stability than that of -CH; SAM.

APl

Fig 7.5 The schematic for transformation of carboxyl group to anhydride group. The
adjacent COOH groups are combined to anhydride groups during the annealing.
At 250°C, except for the loss of v(C=0) at 1714 cm™', two new bands appear at 1760
P9
cm” and 1822 cm™, which are assigned to v(C=0) in anhydride form of —C—0—C—, as

the symmetric mode and asymmetric mode respective [19]. It can be inferred that -COOH

is partially transformed into anhydride before the decomposition of -CH; chains as shown
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by the scheme in Fig 7.5, and this process may result in the higher stability for the -CH,
chain of -COOH SAM. Our observations are in good agreement with the literature by
ATR studies [27].

At 350°C, all -COOH decomposes and -CH, starts to degrade featured by the
intensity loss of CH, stretching modes at 2800 cm™'-3000 cm™, C-OH stretching mode at
1276 cm™ and C-O-H bending modes at 1413 cm™. The Si-O bands (984 cm™ and 1105
cm’™") keep increasing with the raising temperature, indicating the cleavage of Si-C bonds
and further oxidation of the surface. At 450°C, the SAM is completely removed from the
surface.

The above studies clearly illustrate the thermal stability of the two types of SAMs.
Only a moderate thermal annealing below 200°C can be performed without substantial

SAM degradation. Based on these, then we can evaluate the ALD application on SAMs.

Stability under ozone exposure

In many cases, ozone is used as oxidant for ALD to minimize the H,O inside the
deposited film to improve its quality. Thus, it is necessary to study the stability of SAMs
when exposed to ozone ambient. For this purpose, -CH3; SAM is exposed to 200 sccm
ozone at 60°C for 2s and -COOH SAM is exposed to 100 sccm ozone for 5s from 60°C to
300 °C. The spectral results are shown in Fig 7.6(a) and (b) which are referenced to the
fresh SAMs.

As shown in Fig 7.6(a), -CH; SAM is exposed to ozone at 60°C and the spectrum is
referenced to the fresh -CH; SAM. It can be seen that the Si is oxidized immediately after
the ozone exposure evidenced by the broad Si-O phonon band at 900 cm™-1200 cm™. The
intensity loss of v(CH>) and v(CH3) (2800 cm™-3000 cm™) as the key features of the alkyl

chain confirms the degradation of the SAM by ozone. The data clearly suggests that -CHj



SAM is very vulnerable to ozone.
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Fig 7.6 The absorption spectra of (a) -CHs SAM and (b)-COOH SAM which are exposed
to ozone and referenced to the fresh SAM surface. CH; SAM degrades immediate after
ozone exposure while COOH SAM is more stable.

Compared with -CH; SAM, -COOH SAM shows higher stability than that of -CHj3

SAM again as indicated by Fig 7.6(b) where all spectra are referenced to -COOH SAM.

There is no change in the spectrum at 60°C, and only a small variation is observed at

100°C for v(C=0) at 1714 cm™, implying no substantial changes for the SAM upon

100°C. At 120°C and 150°C, the intensity loss of v(C=0) at 1714 cm™ increases slightly,
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and v(C=0) partially blueshifts to 1760 cm™ due to the isolated -COOH groups after the
slight degradation of head groups. The tiny broad band at 900 cm™-1200 cm™ may result
from base line fluctuation because of no substantial change for v(CH,) (2800 cm™-3000
cm’™), meaning the underlying -CH, chain remains intact.

Starting from 150°C, the Si surface is being oxidized according the increased Si-O
band with the loss of -CH, according to the negative v(CH,) bands. These features
suggest a slight degradation of CH, chains starting from this temperature. As the
temperature increases, the intensity of Si-O band keeps increasing and the loss of more
v(CH,) (2800-3000 cm™) confirms further oxidation of Si surface. Note that the loss of
CH, deformation mode at 1465 cm™ is observed at 300°C as well. Compared with
thermal annealing in N, there is about 50°C temperature difference for the stability since
ozone is much more chemically reactive which makes the SAM more vulnerable.

-COOH SAM is a stable surface. Our study shows that the surface remains
unchanged with N, purge for days. Even after dipping the -COOH SAM terminated Si
into HF or HCl for minutes, the SAM survives. This monolayer shows high quality
among organic films.

Thus, we checked the stability of two types of SAMs: one with chemically
unreactive methyl functional group, and the other with chemically reactive carboxylic
functional group. The -COOH SAM shows great stability as an ultra thin organic film. It
survives after annealing in N, or after exposed to ozone at a moderate temperature. It can
be used as one of the surface passivation methods to modify Si surface for ALD
application due to its active functional group and good stability. Next, we will
demonstrate ALD on this surface for both metal and metal oxide, including Al,O3, HfO,

and Cu.
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7.2 ALD of AL,O; on -COOH SAM

ALD of ALO; with TMA+D>0 on -COOH SAM
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Fig 7.7 Differential FTIR absorption spectra of TMA on -COOH SAM surface at
100°C. Each spectrum is referenced to the spectrum recorded for the previous treatment.
The spectrum of 1s TMA exposure is referenced to SAM; the spectrum of 2s TMA
precursor exposure is referenced to that of 1s TMA exposure; the spectrum of 5s TMA
exposure is referenced to that of the 2s TMA exposure, and so on. The inset shows the
ionic structure after the reaction between COOH and TMA.

After introduced into the ALD reactor, the Si(111)-(CH;);0-COOH SAM sample is
pre-annealed in N; at 120 °C for Smin in order to further stabilize the surface and remove
physically adsorbed species. In situ FTIR measurements are performed in transmission
geometry (~74° incidence) at all stages of the process. 10 cycles Al,O3 are deposited on
SAM using alternative pulses of TMA and D,O at 100°C. The pressure of both TMA and
DO pulses is ~3-4 torr. Saturation pulse length is used for each precursor dosing. Usually
ALD by TMA/D,O on H/Si surface is achieved at ~300°C due to the reactivity between

TMA and H/Si [28, 29]. Since -COOH SAM is more reactive than H/Si surface, it
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enables us to deposit Al,O; at a much lower temperature. Post-annealing is carried out in
situ under purified N, purge (~3 torr) for 5 min after the deposition.

The ALD self-termination nature of TMA on the COOH-SAM surface is checked
first, as shown in Fig 7.7 which presents the differential spectra. The differential manner
means every spectrum is referenced to the spectrum recorded after the previous treatment,
highlighting the chemistry induced by the very last processing step. In the figure, the
complete loss of C=0 stretching mode at 1714 cm™ after 1s TMA exposure at 100°C
indicates the reaction between TMA and -COOH, and all surface reactive sites have been
reacted. Two strong bands appearing at 1476 cm™ and 1581 cm™ with a shoulder at 1610
cm’ are assigned to the C=0 symmetric and asymmetric stretching modes in the acid salt
structure (AI-CO,") as shown by the inset of Fig 7.7 [19]. The peaks at ~1213 cm™ and
706 cm™ are assigned to -CH; symmetric deformation mode and rocking mode of Al-CHs,
respectively [28, 30, 31]. The additional features at 2800-3000 cm™ are assigned to -CHj
stretching modes. All these bands clearly demonstrate that TMA is chemically attached to
the SAM surface with intact -CHj ligand. Fig 7.8 shows the scheme for the reaction of

TMA on the SAM surface.

H,C.  CHs
Al
Oj/OH Os O
HsC. _CHj ; j/
Al + : - 5 | + CH,
CHs
Si Si

Fig 7.8 Scheme of TMA reacting with the -COOH SAM surface. TMA will react with
COOH to form the COO-ALl ionic structure at the interface.

Additional TMA pulses only bring slight fluctuation in the region around 1580 cm™,
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which could result from the interference of C=0O bond in CO,-Al by the absorbance of
non-reacted TMA molecule in the surrounding environment. The spectral stability at
~1213 cm™ confirms that no Al-(CHs) is adsorbed or desorbed from the surface. In
addition, the intensity of the -CH, stretching mode of Alkyl chains at 2800-3000 cm
remains unchanged after TMA exposure, suggesting that the SAM is intact. Therefore,
only the SAM head group is reactive and TMA does show self-terminating nature on it,
which is a necessary condition for ALD. Al,O; deposition does not alter the organic

monolayer significantly.
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Fig 7.9 Differential FTIR absorption spectra of 10 cycles Al,O3 on -COOH SAM surface
deposited at 100°C. Each spectrum is referenced to the spectrum recorded for the
previous treatment. The bottom spectrum is referenced to SAM. The scheme of the ALD
reaction is shown on the right side. ALD ligand exchange is observed by Al-CH3, OD and
CHj; modes.
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The well defined growth of 10 cycles TMA and D,O at 100 °C is shown in Fig 7.9,
where each complete cycle corresponds to one exposure of TMA followed by one
exposure of D,O. The bottom spectrum is referenced to SAM surface and shows the same
features as the 1 TMA exposure in Fig 7.7, where the TMA completely consumes the
accessible COOH groups on the surface to form a complete layer. After the first D,O
exposure, the peak intensity of the deformation and rocking modes of Al-CHs at 1213 and
~706 cm’ strongly decreases, as expected due to the hydrolysis of AlI-CH; by D,O
(Al-CHj; is replaced by AI-OD) [32]. The intensity variation associated with modes at
1476 and 1581 cm™ (i.e. shift to ~1460 cm™ and ~1624 cm™) is tentatively attributed to
the environment change of C=0 after hydrolysis of Al-CHs; The weak band centered at
2743 em™ (OD stretch) confirms that hydrolysis has taken place.

In contrast to the growth of Al,O3; on H/Si (exhibiting interfacial oxidation), there is
no interfacial SiO, upon water exposure or later on cycles in the ALD process. On the
other hand, CHj; attached to Si (Si-CH3) is the dominant reaction of initial TMA on H/Si
which causes incubation period for ALD growth, while on SAM the Al-CHj is the
dominant part evidenced by strong and comparable intensity of Al-CHs; methyl
deformation mode (~1213 cm™) from the 1% TMA to 3™ TMA without any observation of
Si-CHj3. This feature indicates less incubation period on SAM and further proves that
-COOH SAM is more favorable for TMA than H/Si.

For the following cycles, the periodic ALD ligand exchange behavior is observed,
showing the layer by layer growth. After the second TMA exposure, TMA reacts with
surface Al-OD groups to form Al-O-Al-CH3, indicated by the AI-CHj3 characteristic peak
at 1213 cm™ and broad ALO; band at 700-800cm™. The subsequent D,O exposure

leading to replacing -CHs by -OD is as expected. The reversible intensity variation



160

(positive/negative) of the features at 1467 cm™ and 1640 cm™ is related to the peak shift
induced by the change of C=0O bond environment in the interfacial (CO,)-Al" due to the
ligand exchange. In subsequent ALD cycles, these changes in the 1400-1650 cm™ region
are still observable but with decreased magnitude as the number of TMA/D,O cycles
increases. This suggests that these features are only associated with the interface between

the SAM and Al,Os.
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Fig 7.10 Absorption spectra of 10 cycles Al,O; on SAM deposited at 100°C. All
referenced to the SAM surface. The inset compares 10 cycles Al,O3; on SAM with that on
Si0, (referenced to SiO;). The quality of Al,O; is as good as that on SiO; surface.

As Fig 7.10 which shows Al,O3; growth up to 10 cycles referenced to -COOH SAM,
two bands at ~730 and ~930 cm™, assigned to the TO and LO phonons of amorphous
AlLOs, steadily increase in intensity with the number of cycles and blueshift slightly.
There are no detectable contributions in the 1000-1200 cm™ and ~800 cm™ range where

the Si-O-C, AI-O-Si, or Si-O-Si stretching modes are located [26, 33]. No Si-CHj
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umbrella mode ~1266 cm™ is observed as well [34]. These results clearly indicate that
neither TMA nor oxygen penetrates through the SAM to reach the silicon. All ALD
reactions are limited to the top surface of the -COOH functionalized SAM. Therefore,
oxygen diffusion to the interface is suppressed due to the protection of SAM as a good
barrier. Note that there is some D,0 incorporation in the Al,O3 film as the band at 2743
cm™ which has been observed by other studies as well [35]. The overall quality of the
AlLOs film is as good as that of aluminum oxide grown on hydrophilic SiO,. The inset of
Fig 7.10 shows that the TO/LO phonons of Al,O; grown on COOH-SAM and SiO; are
virtually identical, both much stronger and narrower than those of Al,O3; grown on H/Si.
The stability of the Al,Os;-coated SAM is investigated by carrying out annealing
experiments. Fig 7.11 shows the spectral evolution resulting from post-annealing of a
10-cycle ALD-grown Al,O3 film on -COOH SAM, where all spectra are referenced to the
SAM surface. The Al,Os-coated SAM is completely stable upon annealing to 300°C. The
degradation of the SAM is observed in the range of 300-400°C, as an intensity loss of
-CHj stretching modes of the Alkyl chains at 2800-3000 cm™'. The biggest loss of -CH,
occurs in this 300-400°C range. After annealing to 400°C, a weak feature appears at 2055
cm™' along with the further reduction of -CH, mode intensity. This feature, attributed to
the formation of Si-H bonds at the surface, was previously observed in UHV
environments and taken as the evidence for thermal decomposition of alkyl chains
through B-hydride elimination with cleavage of Si-C bonds [25]. The formed Si-H
disappears at 500°C, as expected due to its thermal stability. Upon Si-H removal, the
TO/LO modes of SiO, appear in the 1000-1200 cm™ spectral region, and the C=0O
stretching modes (1400-1600 cm™) are greatly reduced, suggesting that the whole CH,

chains are decomposed and oxygen diffuses into the Si substrate. At higher temperatures,
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the TO/LO phonon modes of deposited Al,O; film become sharper. The LO mode of the
AL, O; blueshifts to ~955 cm'l, indicating that Al,Os film becomes denser after annealing.

Note that Al,O3 film remains after the SAM is thermally decomposed.

Absorbance (a. u.)

as deposit

600 900 1200 1500 1800 2100 2700 3000
Wavenumbers (cm™)
Fig 7.11 Annealing of 10 cycles Al,O3 on -COOH SAM surface in N». All spectra
are referenced to SAM surface. The bottom spectrum shows as-deposit Al,O;. SAM
decomposes at 400°C featured by the intensity loss of CH, modes.

ALD of AL,O; with TMA+ozone on -COOH SAM

As we have discussed and also observed in the spectra such as in Fig 7.10, visible
amount of D,O exists inside the film, which makes the film an oxygen rich film and
substantially affects the quality of the film. Thus, ozone instead of water has also been
used to deposit metal oxide films. The problem of ozone ALD is that due to ozone’s high

reactivity, the organic ligand will react with ozone and leave C-O/C=0 related species
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inside the film [36, 37]. We have shown that the -COOH SAM is relatively robust when
exposed to ozone up to ~150°C. The following section will explore the ozone ALD of

Al,O3 on -COOH SAM at 100°C.

: i 10th Ozone

. o il
; o */\/\l:\’WlOthTMA

2nd Ozone

il
WWWWMWWdeMA
s

Ist Ozone

Absorbance (a. u.)

Ist TMA

/L
U4

900 1200 1500 1800 3000

Wavenumbers (cm'l)

Fig 7.12 Differential FTIR absorption spectra of 20 cycles Al,O5 by ozone at 100°C on
-COOH SAM surface. Each spectrum is referenced to the spectrum recorded for the
previous treatment. The bottom spectrum is referenced to SAM. Weak ALD ligand

exchange is observed.

20 cycles Al,Os are deposited by TMA and ozone with saturation pulse length at
100°C. The incident angle of IR beam is ~74°C. Fig 7.12 shows the differential spectral
results of the deposition. For the 1* dosing of TMA on SAM, the spectrum is identical to
that in the previous discussion, showing the stretching/deformation modes of Al-CH3 and
the variation of C=0 stretching mode. These features indicate TMA is chemically bonded

to the SAM surface as having been discussed.
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Upon the subsequent ozone exposure, the tiny negative band of v(CHy) at 2800-3000
cm” shows the reaction of Al-CH; methyl ligands with ozone. The weak and reversible
intensity variation of the features at 1476 and 1581 cm™ is related to the peak shift
induced by the change of C=0O bond environment in the interfacial (CO,)-Al from
Al-CHj; to Al-O-Al. The detailed reactions between TMA and ozone have been discussed
in the previous chapter for ozone ALD. Shown by the spectra, methyl ligand is not
completely removed especially for the 1% cycle, meaning an insufficient ALD ligand
exchange which will lower the deposition rate. The following cycles repeat the same
scheme: after TMA dosing, Al-CHj is adsorbed onto the surface; after ozone dosing, the

methyl ligand is partially removed.
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Fig 7.13 Absorption spectra of 20 cycles Al,O3 by ozone on SAM. All referenced to the

SAM surface. Al,O3 and substantial carbonated species are observed. The CH; intensity
loss indicates the degradation of SAM.

Although tiny changes are observed in the differential spectra, when we reference
the spectra to SAM surface as in Fig 7.13, the Al-O phonon mode centered at ~905 cm’

is observed and indicates the formation of Al,O3;. The Al-CH; methyl deformation mode
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at 1213 cm™ does not increase much after 20 cycles indicating that it is mainly from the
I TMA dosing and at the Al,O3-SAM interface. In the 1300-1700 cm’! range, in addition
to the interfacial v(C=0) modes (1476 cm™ and 1581 cm™) due to (CO,)-Al, two strong
peaks centered at 1609 cm™ and 1409 cm™ are tentatively assigned to C=0/C-O related
modes due to the decomposition of the underlying -CH, chains by ozone, with the proof

of v(CH,) intensity loss at 2926 cm™ and 2856 cm™.
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Fig 7.14 Annealing of 20 cycles Al,O3; by 0zone on -COOH SAM surface. All spectra are
referenced to as deposit Al,O3 on SAM. The carbon impurities and SAM are eliminated.
But interfacial Si-O modes occur at 900-1200 cm™ in the spectra.
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The presence of formate species [37] in Al,O3, as discussed in Chapter 4, cannot be
excluded and may be buried in the two strong peaks centered at 1609 cm™ and 1409 cm™.
Therefore, although -COOH SAM is stable at this temperature when exposed to ozone,
after the reaction of the functional group with TMA, its stability is reduced and the SAM
becomes more vulnerable to ozone. So the enhanced stability of -COOH SAM could
result from the big and densely packed -COOH head group compared with -CH; SAM.

After the degradation of the SAM, the broad band between 900-1200 cm™ (Si-O phonon
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mode) shows the formation of interfacial SiO, as expected, but the thickness is much less
than that on H/Si for the long ozone pulse case and comparable to the short pulse case.
SAM does protect the surface in spite of the small amount of SiO,. In contrast to Al,O3
on the SAM by TMA/water, the height of the 20-cycle Al,O3 phonon mode by ozone
based ALD is about 1/2 of that of 10-cycle water based ALD, showing ozone based ALD
has lower growth than water ALD possibly due to the absence of trapped water inside the
film.

The in situ post annealing in N, for 5 min is performed afterwards. The results of the
annealing from 150°C to 600°C are shown in Fig 7.14 which are referenced to
as-deposited 20 cycles Al,O; on SAM. The film is stable at 150°C concluded by the
nearly featureless spectrum. Starting from 300°C, C-O/C=0 related species in the film
decompose shown by the broad negative bands around 1300-1700 cm™. Upon 400°C, the
remnant -CH, chains begin to decompose, which is similar to the results of annealing of
SAM and Al,0O3-coated SAM by TMA/water where the initial decomposition of -CH,
chains start upon 400°C. The expected Si oxidation is observed in the ranged of 900-1200
cm'l, including Si-O-C/Si-O-Al modes at 945 cm’! and Si0, TO/LO modes at 1053 cm’!
and 1206 cm™. In summary, the -COOH SAM can be used to deposit metal oxide by

ozone, but due to ozone’s high reactivity Si-O forms during the deposition.

7.3 ALD of HfO, on -COOH SAM

As a typical high-k insulator material, HfO, is also deposited on the -COOH SAM
surface. 10 cycles HfO, are deposited on the SAM by TEMAH and D,O at 100°C.
Similarly, saturation pulse length is used for each precursor dosing and the IR incident

angle is ~74°C. The reaction between TEMAH and water has been discussed in the
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previous chapter in detail.
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Fig 7.15 Differential FTIR absorption spectra of 10 cycles HfO, on -COOH SAM surface

at 100°C. Each spectrum is referenced to the spectrum recorded for the previous
treatment. The bottom spectrum is referenced to SAM. The scheme of the ALD reaction
is shown on the right side. Weak ALD ligand exchange is observed. The ionic structure
after TEMAH reacting with COOH as COO-Hf is shown by the inset.

The spectral results are shown in Fig 7.15 which is in the differential form to see the
change on the surface after each treatment. For the 1¥ dosing of TEMAH on SAM, the
spectrum is quite similar to that of TMA on SAM. Carboxylic groups on the surface are
completely consumed, implying TEMAH is chemically adsorbed on the SAM surface,
featured by the intensity loss of v(C=0) at 1714 cm™, and the positive bands at 1594 cm™

and 1458 cm™ which are assigned to v,(C=0) and v{(C=0) in acid salt structures

(Hf'-CO;) as the small inset in Fig 7.15. Since TEMAH contains C-N bonds, the
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broadening of v,s/vs(C=0) modes is caused by other C, N and O related modes. The
intensity increase of v(CHy) around 2800-3000 cm™ is attributed to the precursor ligand
as well. These bands further confirm that Hf with attached ligands is chemically adsorbed
to the SAM surface. Different from TEMAH directly exposed to H/Si, there is no
interfacial Hf-O-Si mode observed. Therefore, all ALD reactions are limited to the top
surface of the -COOH functionalized SAM.

Upon the subsequent D,O exposure, there is a positive band for v(CHy) at
2800-3000 cm™', which is abnormal because the Hf precursor should be hydrolyzed by
D,0 and the ligand should be replaced by -OD. It could be caused by perturbed
underlying -CH, chains since the bands are mainly of vs/v,s(CH;). The possibility of
ligand from hydrolyzed residue TEMAH in the chamber adsorbed to the surface cannot
be excluded. The reversible intensity fluctuation of the bands at 1476 and 1581 cm™ is
related to the v(C=0) shift induced by the change of C=0 bond environment in the
interfacial (COz')-HfF as the Al,Os case. In addition, the D,O incorporation is observed
by -OD stretching mode at 2707 cm™ as the evidence of ALD ligand exchange. The
reaction scheme is shown on the right side of Fig 7.15. The following cycles repeat the
same scheme: after TEMAH exposures, Hf-ligand is adsorbed on the surface; after D,O
exposures, the chemically adsorbed precursor is reacted to form HfO,,

The spectra in Fig 7.16 are referenced to the SAM surface to show the evolution of
HfO, film with number of cycles. HfO, phonon mode is observed as a broad band
centered at ~680 cm™, implying the formation of continuous HfO, film. It can be seen
that v(D,0) (2707 cm™) intensity keeps increasing with the increased number of cycles,
indicating trapped D,O in the film. By v(CH,) around 2800-3000 cm’, it can be

concluded that some carbon impurities from ligands remain inside HfO,. Absence of Si-O
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mode around 900-1200 cm™ and no intensity loss of v(CH,) suggest that no interfacial
Si0; exists and the underlying -CH, alkyl chains keep intact, which is in good agreement

with the result of Al,O3 on SAM.
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Fig 7.16 Absorption spectra of 10 cycles HfO, on SAM. All referenced to the SAM
surface. HfO, phonon mode is observed. The impurities in the film such as CHx and D,O
are confirmed by the spectra
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Fig 7.17 Annealing of 10 cycles HfO, on -COOH SAM surface. All spectra are
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SAM degrades above 400°C.
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Post annealing of the film is performed in N, for Smin in situ which is shown by Fig
7.17 (referenced to HfO,). Upon 300°C, there is no interfacial SiO, formation evidenced
by the absence of SiO, band (900-1200 cm™). v(C=0) redshifts to 1533 cm™ and 1454
cm’, suggesting the interface between the SAM and HfO, is perturbed. The SAM is
intact at this temperature according to the absence of v(CH;) intensity change. Upon
annealing at 400°C, the SAM starts to decompose, shown by the negative v(CH,) and
V(C=0) bands around 2800-3000 cm™ and 1300-1700 cm™. The expected SiO, is
observed by the broad band centered at 900 cm™ and it keeps growing with increased
temperature. The removal of residue Si-H and D,O inside the film is featured by the
negative bands of v(Si-H) at 2074 c¢cm™ and v(D,0) at 2707 cm™'. Note that the same
phenomena has been observed as the annealing of Al,O; on SAM at 300°C and
400°C--the formation of Si-H at 2052 cm™ due to thermal decomposition of alkyl chains

through B-hydride elimination with cleavage of Si-C bonds.

7.4 ALD of Cu on -COOH SAM

The deposition of metal electrode on SAM has been an issue for long time [38, 39].
The difficulty is that either the metal deposition may decompose the SAM such as by
using sputtering and CVD, or the metal may diffuse through SAM causing short. Since
ALD has the advantages of depositing smooth and uniform film at relatively low
temperature, ALD of Cu on SAM as electrode or seed layer is very interesting and
promising.

For this purpose, 10 cycles Cu are deposited by ALD ([Cu(*Bu-amd)], and H;) [40]
on -COOH SAM/HSIi(111) at 185°C. The incident angle of IR beam is ~74°. The

differential spectra of this deposition are presented in Fig 7.18.
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Fig 7.18 Differential FTIR absorption spectra of 10 cycles Cu on -COOH SAM surface at
185°C. Each spectrum is referenced to the spectrum recorded for the previous treatment.
The bottom spectrum is referenced to SAM. The scheme of the ALD reaction is shown on

the right side. The inset shows the ionic structure formed after the reaction between Cu
precursor and the COOH SAM.
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Fig 7.19 Absorption spectra of 10 cycles Cu on SAM referenced to the SAM surface at
185°C. Substantial amount of ligand related impurities are observed in the spctra.
Similarly, the variation of C=0O stretching modes after the 1* Cu precursor exposure

indicates the Cu precursor is chemically adsorbed to the SAM surface, evidenced by the
negative band of -COOH at 1714 cm™ and the positive bands at 1562 cm™/1440 cm’
which are assigned to v,s/vs(C=0) in acid salt structure (CO;") as the small inset in Fig

7.18. The coverage can be concluded by the intensity loss of -COOH stretching mode and
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is about ~65%, which is less than TMA and TEMAH cases. In addition, the intensity for
the shift of v(C=0) is much lower than the TMA and TEMAH cases, along with the lower
intensity of v(CHy) from the ligand, suggesting a lower reactivity of the Cu precursor
with -COOH SAM. The subsequent H, exposure shows little effect according the
spectrum but with tiny variation in the C=0 stretching modes as having been discussed.
The 2™ dosing of Cu precursor add a little CHy to the surface without observable NCN
Cu precursor ligand feature at 1509 cm™, suggesting a low growth rate. The CH,
introduced by the 2" H, exposure could be caused by the residue Cu precursor in the

environment or the perturbed CH; chains of the SAM as the HfO, case.
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Fig 7.20 XPS Cu 2p of 10 cycles Cu on SAM. The inset [41] shows the spectra of pure
Cu and CuO. Compared with the standard spectra, the CuO amount is minimal in the Cu
film on COOH SAM.

To determine the species inside the Cu film, the spectrum of 10 cycles Cu is

referenced to the starting SAM surface which is shown in Fig 7.19. The strong stretching

bands of CHy are clearly observed at 2800-3000cm™. Moreover, the NCN Cu precursor
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ligand feature appears at 1513 cm', indicating the C and N impurities inside the film. The
bands at 1300-1476 cm™ are related to the C, N and O bonds of impurities inside the film.
No evidence of -CH; loss indicates that the alkyl chains of the -COOH SAM survive
during the ALD process.

To prove the deposition of the Cu, XPS analysis is carried out and Fig 7.20 shows
the Cu 2p spectrum. The Cu 2p;; at 931.9 eV [42], compared with the pure Cu and CuO
in the inset of Fig 7.20, can be either Cu’ or Cu'" but believed to be Cu’ according to the
conductivity study done by Gordon’s group [40]. The small satellite peak resulting from
Cu”" around 945 eV could be caused by the interfacial (CO,)-Cu bond or trace amount of

CuO.

7.5 Summary

In this chapter, two types of SAMs on H/Si(111) have been discussed: one with
chemically unreactive functional group -CHj3 which is CH3-(CH;);7-H/Si(111), and the
other with chemically reactive functional group -COOH which is COOH-(CH,)o
-H/Si(111). The -COOH type SAM is achieved without any Si-O or Si-O-C bond but the
-CHj3 type SAM has trace amount of SiO; at the interface.

The stability of those two SAMs under thermal annealing and ozone exposure is
investigated. The -COOH SAM has higher stability for both cases. The carboxylic head
group survives without substantial decomposition up to 200°C for thermal annealing and
100°C for ozone exposure. In both situations, the deterioration of the carboxylic head
group starts first, and the -CH, chains decompose at a higher temperature. The -CHj
SAM decomposes above 150°C for annealing and degrades immediately upon ozone

exposure at 60°C. Thus, -COOH SAM shows better quality.
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ALD of Al,Os, HfO, and Cu are deposited on -COOH SAM surface. By using in
situ FTIR, the reaction mechanism is studied. All the reactions start from the interaction
between the precursor and -COOH groups by forming (CO;)-metal salt structure.

For Al,O; deposition on -COOH SAM at 100°C, both TMA/D,O and TMA/ozone
are used. For TMA/D,0, the quality of Al,O3; on SAM is similar to that on SiO,. No
interfacial SiO; is observed and little ALD incubation period is detected, but D,O
impurity is observable inside the film. The SAM remains intact during the ALD process.
The post annealing result shows the decomposition of the SAM above 300°C. For
TMA/ozone, substantial amount of C-O/C=0 impurities are found inside the film due to
the decomposition of the underlying SAM and TMA ligands. Its growth rate is about 1/4
of that of water based ALD. Small amount of Si-O is observed by FTIR.

HfO, is deposited by TEMAH/D,O on -COOH SAM at 100°C. Similarly, no
interfacial SiO, is observed during the deposition and the underlying SAM is intact.
However, D,0 is incorporated inside the film. The post annealing shows that coated
SAM is stable up to 300°C. Above this temperature, SiO, keeps growing with the
increased temperature.

Finally, ALD of pure copper on -COOH SAM is demonstrated. It is concluded that
the growth rate is low by the intensity of ligand related modes. Residue NCN ligand
related carbon impurities are detected inside the film. The alkyl chains survive during the

deposition of Cu and XPS Cu 2p spectrum confirms the existence of copper film.
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Chapter 8: Summary

The main contribution of the work described in this thesis is the fundamental
understanding of the ALD process for a variety of important systems, derived from in-situ
FTIR studies. This technique was essential to characterize the properties of both starting
surfaces and precursors, and to study the essential elements of ALD. The mechanistic
aspects of ALD are investigated including the side reactions taking place during ALD
growth, which provides the necessary insight to suggest possible optimization schemes

for future ALD applications, as summarized below.

1) Two types of starting surfaces are discussed in detail: nitrided Si surface and
SAMs modified H/Si surface. In this dissertation, SiNy is used as an oxygen barrier to
suppress interfacial SiO, for ALD of high-x metal oxides, and SAMs are for
area-selective ALD. But both have many other applications as well.

For the nitrided surfaces, we studied the mechanism of thermal NH; nitridation of
flat H/Si(111) surface and vicinal H/Si(111) surfaces including monohydride and
dihydride stepped surfaces. By varying the temperature from 150°C to 600°C at a small
temperature step of 25°C, the surface interaction with NHj is investigated to conclude the
whole picture of NH; nitridation. Flat H/Si(111) surface and monohydride stepped
H/Si(111) surface show the same nitridation behavior due to their structural similarity.
The nitridation starts from NHj; dissociation by replacing the surface Si-H with Si-NH, at
350°C. The nitrogen insertion to Si-Si network and formation of SiNy layer take place
above 400°C. Dihydride stepped H/Si(111) shows a very different nitridation mechanism,
where desorption of Si-H begins at 325°C accompanied by the forming an unexpected

H-Si-NH-Si bridging structure at the step edge. DFT calculation perfectly confirms our
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vibrational mode assignments and assumed nitridation model. Upon 400°C, nitrogen
insertion to Si-Si back bond is evidenced. Theses information is helpful to determine
condition for initial interaction between NH;3 and surface Si-H and we understand how
NHj; attacks the surface and is bonded to the surface. By varying the temperature, the
termination of the Si surface can be changed.

For the SAM-terminated surfaces, the stability of two types of SAMs is studied
including -COOH terminated SAM (reactive) and -CH; terminated SAM (unreactive)
grafted on H/Si(111) surface via direct Si-C bond. -COOH SAM has higher stability
under thermal annealing in N, and ozone exposure. The carboxylic head group survives
without substantial decomposition up to 200°C for thermal annealing and 100°C for
ozone exposure, while the CH, chains decompose at a higher temperature. The -CHj3;
SAM decomposes above 150°C for annealing and degrades immediately upon ozone
exposure at 60°C. Thus, -COOH SAM shows much better quality and it is a very reactive

surface for ALD which can be utilized for selective growth.

2) ALD of high-x metal oxides and pure metal are studied, including HfO,, Al,O3,
La;0; and pure Cu on various surface:

HfO, is deposited by TEMAH/ozone at 100°C, and it is compared with the
deposition by TEMAH/D,0O. On H/Si surface, ozone based HfO, shows substantial
interfacial Si oxide and carbonyl/nitro derivatives as impurities in the film without
trapped water/OH. By using SiNyx and -COOH SAM surfaces, the interfacial SiO; is
suppressed for ozone based ALD.

AlOs is deposited by TMA/ozone on H/Si(111) at 300°C. When excessive ozone
exposure is used, an unpredicted formate surface intermediate is detected and studied

assisted by DFT calculations. Substantial interfacial SiO, is observed during the ALD
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process. When the ozone pulse length is shortened, the film quality is improved
evidenced by the absence of formate species and minimal interfacial SiO, which is
comparable to water based ALD but with lower growth rate. The gas phase reaction of
TMA/D;O0 is straightforward and CH4/CDy are the only byproducts, while the reaction of
TMA/ozone is much more complicated. C;Hy is not the only byproduct and the oxidation
of the methyl terminal group/Al-O-CH; may prevail which needs further study. The
reaction pathway could be determined by ozone amount. By using -COOH SAM surface,
high quality Al,Os is achieved by TMA/D,O at 100°C without interfacial SiO, due to the
high reactivity and protection of -COOH SAM.

In short, ozone based ALD can improve the film quality but the reaction is much
more complicated due to ozone’s high reactivity. The amount of ozone significantly alters
the reaction pathway and the film quality. By using SiNy and SAMs surfaces, the surface
properties are modified and interfacial SiO, is suppressed which are very good starting
surfaces for ALD.

La,Oj5 is deposited by using a brand new precursor, La('Pr-MeAMD)s, and D,0. By
checking the La precursor gas phase, all ligand features are observed. Partial
hydroxylation of the precursor is detected in the gas phase by the unexpected stretching
vibrational modes resulting from C=N and N-H in free hydrogenated ligands. The gas
phase reaction of La('Pr-MeAMD); and D,O confirms this finding. The growth of La,0;
on H/Si(111) surface shows that La(iPr-MeAMD)g is highly reactive with H/Si and
involves the formation of a Si-O-La bond due to the partially hydrolyzed precursor,
where the free hydrogenated ligand is unreactive with the surface. For the deposition at
200°C, substantial acetate/carbonate impurities are detected, while for the deposition at

300°C, acetate/carbonate impurities are reduced but cyanamide (or carbodiimide)
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intermediate species are observed with increased interfacial SiO,. The highly hygroscopic
nature of La,O; results in CVD-like deposition and thickness non-uniformities on a
macroscopic scale. The deposition of La,AlyO nanolaminate by alternating TMA/D,O
and La(iPr-MeAMD)3/D20 ALD cycles successfully suppresses CVD-like reactions and
minimizes the acetate/carbonate incorporation while remains the high dielectric constant.

Thus, the properties and reactions of the new La precursor are studied in detail. The
intrinsic of La,O3; makes the ALD process difficult. With the understanding of the its
mechanism, the ALD process can be optimized such as by using Al,O3 incorporated
La,0s.

Finally, pure copper is deposited by using a novel liquid copper precursor--copper(I)
di-sec-butylacetamidinate ([Cu(*Bu-amd)],) and molecular hydrogen on SiO, surface.
The evolution of SiO; phonon modes in the IR spectra clearly shows the agglomeration
and the diffusion of Cu on/into SiO, during the initial 10 cycles. Cu agglomeration and
diffusion increase when the deposition temperature is raised. The H, reduction of the
precursor ligand and ligand hydrogenation are observed by the vibrational modes
attributed to CHy and NCN bonds. Ex situ XPS results confirm the deposition of copper
on the Si0O; surface. Both FTIR and XPS results show residue ligand impurities inside the
Cu film with small amount of N (< 2%) and substantial amount of C for the initial cycles
due to incomplete ALD reactions. RBS indicates that the growth rate on SiO; is
temperature dependent and the maximum growth rate is found in the range of 185-250°C
based on one ALD cycle. At 185°C, the thickness of 10 cycles Cu is 1.04-1.18 nm with
uniform distribution.

The Cu deposition at 185°C on other surfaces is studied as well, such as H/Si, SiNy,

AL,Os; and SAM surfaces. FTIR and XPS show the similar film contents and growth
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mechanism as on SiO,. However, much lower growth rate is found for all those surfaces
than that of SiO, surface. CusN is deposited on SiO, at 160°C successfully. After
annealing at 225°C in forming gas, the CusN is partially reduced to Cu with little Cu
agglomeration.

Therefore, the properties and the initial interactions of the new precursor with SiO,
and other surfaces are addressed and Cu agglomeration/diffusion is observed as well for
the initial ALD cycles. This information is critical for the subsequent processes of Cu
ALD. In addition, ALD of metal on SAMs may resolve the problem of making metal

electrode on SAMs as the application for organic devices.
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Appendix: ALD of HfO, on Trenched H/Si

With the fast development of modern microelectronics, structures have evolved
from planar dimensions to three dimensions, which greatly decrease surface area and cost
per bit [1]. For example, deep trenches are used for trench capacitors in DRAM
(Dynamic Random Access Memory) which can have much larger capacitance than that of
planar capacitors due the increased surface area without increasing the wafer area [2, 3,

4]. The schematic diagram of a trench capacitor is shown by Fig A.1.

+— Metal gate

Doped Si

Si

Insulator

Fig A.1 Diagram of a trench capacitor in silicon. (yellow-metal gate, green-insulator,
gray-doped silicon)

Normally the trench is quite deep to increase the surface area with high aspect ratio.
High-k metal oxide is utilized as insulator to further improve the capacitance. How to
deposit highly conformal and uniform high-k metal oxide and metal into the deep trench
as insulator layer and metal gate is challenging [5].

Due to the great advantages of ALD to deposit homogeneous and high quality film,

it is becoming the major method for those applications. Trenched surfaces are very
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different from flat surfaces due to its artificial roughness, and it is very important to study
the behavior of ALD precursor on it. In this chapter, we will perform in situ FTIR
measurements of trenched surfaces and compare the results with those obtained on flat
surfaces. This work is put in an appendix because the interpretation of the data is beyond
the scope of this thesis. The results/interpretation are therefore to be considered as

preliminary.

A.1 Thermal stability of H/Si surfaces
Before we go on to HfO, deposition on H-terminated trenched samples, the thermal
stability of different H/Si including flat H/Si(111), flat H/Si(100) and trenched H/Si(100)

is studied. The annealing is performed in purified N, at ~3-4 torr for Smin.
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Fig A.2 Absorption spectra of annealing of flat H/Si(111) at 300°C referenced to initial
H/Si(111) which is at the bottom in red and the initial H/Si(111) referenced to oxide
which is on the top in black. The incident angle is ~74°. The H/Si(111) is stable at 300°C.
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Annealing of flat H/Si(111) at 300°C is shown in Fig A.2. The black curve is the
initial H/Si(111) spectrum referenced to an oxide surface and the bottom red curve
shows the difference due to annealing, using the initial H/Si(111) as reference. The Si-H
stretching mode is at 2083 cm™' as discussed in chapter 2 [6]. The single Si-H peak in
the spectrum is due to the monohydride structure on H/Si(111). After annealing at 300°C,
the surface remains almost unchanged (no net loss of integrated area). It can be
concluded that the Si-H is stable at this temperature. Normally Si-H is much more stable
in UHV environment and can survive at higher temperature. Our ALD reactor is not
maintained as UHV environment, thus residue water and other contaminants existing in

the chamber reduce the stability of Si-H.

- e 150°C T1x10* 2103
200°C |
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Fig A.3 Absorption spectra of annealing of flat H/Si(100) which is referenced to initial
H/Si(100) and the inset is the initial H/Si(100) which is reference to oxide surface. The
incident angle is ~74°. The surface is stable up to 250°C
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Flat H/Si(100) surfaces are then annealed in N, as shown by Fig A.3, where the
spectra are referenced to the initial H/Si(100). The inset shows the initial H/Si(100)
referenced to oxide. The peaks at 2088 cm™, 2103 cm™ and 2139 cm™ are attributed to
Si-H monohydride, dihydride and trihydride modes, respectively [7]. The H/Si(100) is
stable up to 250°C. Upon 300°C, the Si-H begins to desorb starting with the loss of
dihydride and trihydride stretching modes at 2110 cm™ and 2142 c¢m™. The positive peak
at 2100 cm™ corresponds to an increased concentration of dihydride, most likely resulting
from the partial decomposition of trihydride. The band at 2060 cm™ is caused by the
isolated monohydride stretching mode due to the decomposition of surface Si-H.
Therefore, it is clear that H/Si(111) is more stable than H/Si(100) because there are more

reactive dihydrides and trihydrides and more defects on H/Si(100) surfaces.

Si(100)

Fig A.4 The structure of trenched sample, including the cross section and top views. The
typical size of the trench is ~0.1-0.2um wide and ~6-8um deep (provided by Dr. Uwe
Schroeder).

The structure of the trenched sample we used is shown by Fig A.4. The trenches are

on one side and the other side is flat. The substrate is (100) oriented and CZ grown. The
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typical size of the trenches is ~0.1-0.2um wide and ~6-8um deep. The surface is
artificially rough. The hydrogen-terminated trenched Si(100) is measured by IR with the
IR facing the trenched side, as the inset in Fig A.5. The spectrum is presented in Fig A.5
which is taken at normal incidence. The stretching modes of Si-H are around 2100 cm™
and the bending mode of Si-H are observed ~620 cm™. The broad negative band at
900-1300 cm™ corresponds to SiO, TO/LO modes due to the etching of HF [8].

Note that to fully remove the SiO,, 10 min HF etching is used in this case. The
prolonged etching time will not rough the surface once the surface is fully passivated by
hydrogen [9]. As in the inset of Fig A.5, three strong modes are observed at 2087 cm™,
2104 cm™ and 2139 cm™, which are tentatively assigned to monohydride, dihydride and
trihydride modes. Due to the roughness of the surface, more coupled modes may appear
and overlap within this range. The spectrum taking at ~74° shows little difference from
that of normal incidence resulting from the surface roughness. So it can be concluded that
trenches dominate the contribution.

The sine-wave like baseline oscillation in Fig A.5 is caused by the trenched surface
[10]. There is an interference due to the change of index of refraction between the trench
area and the solid Si region. The oscillation frequency depends on the depth of the
trenches. The effective refractive index of the surface is related to the trench top width
since the increased top void fraction will make it closer to that of the air lowering the
reflectivity. Although an accurate model is difficult, we use a highly simplified mode

according to Fabry-Pérot interferometer [11]:

2
Al = 4

~— 90 EqA.l
2nd cos@

where # is the refractive index, d is the trench depth and n=ng=4, to get an estimate of the
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trench depth and find that d is around 1-5um.
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Fig A.5 The absorption spectrum of hydrogen terminated trenched Si(100). The inset
shows the magnified Si-H stretches. The incident angle of IR is ~0°. The curved baseline
is due to the trenches. And the small schematic shows the IR transmission geometry.

Thermal annealing is carried on for H-terminated trenched Si as well with the same
condition. The spectral results are shown in Fig A.6. Upon 250°C, the surface Si-H starts
to decompose featured by the negative bands corresponded to monohydride, dihydride
and trihydride stretches which are centered at 2085 cm'l, 2108 cm'l, and 2137 cm'l,
respectively. The band appearing at 2061 cm™ is due to the decoupled Si-H resulting from
thermal decomposition. At 350°C, the surface is being oxidized evidenced by the broad
Si-O band center ~998 cm™'. The modes appearing at 2175 cm™ and 2264 cm™ are caused

by the oxygen insertion into Si-Si bond. The 2175 cm™ mode is assigned to Si-H shifted
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by insertion of two oxygen atoms (O,-Si-H) and 2262 ¢cm™ mode is assigned to Si-H

shifted by insertion of three oxygen atoms (O3-Si-H) [12], which are getting stronger with

more Si-O formation.
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Fig A.6 Absorption spectra of annealing of H-terminated trenched Si surface which are
referenced to H/Si. The surface is not as stable as the flat surface and Si-H starts to
desorb from the surface upon 250°C annealing.

By comparing above results, it is found that H/Si(111) is the most stable surface and
remains unchanged at 300°C annealing. Due to the presence of more defects,
H-terminated trenched Si(100) is the least stable surface and its Si-H decomposes at
250°C while flat H/Si(100) is stable up to 250°C. However, when the ALD reactor is
contaminated such as by large amount of residue metal precursor and hydroxyl group, the

stability of H/Si will be further decreased.



190

A.2 HfO, deposition on trenched H/Si(100)
Based on the thermal stability study of H/Si we have discussed above, HfO; is
deposited on them by TEMAH and D,0. The comparison of HfO, deposition on flat

H/Si(100) surface and on trenched H/Si(100) will be presented in the following part.
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Fig A.7 Absorption spectra of trenched H/Si(100) exposed to TEMAH at 100°C which
are referenced to H/Si. The bottom spectrum in black is taken at normal incidence and the
top spectrum in red is taken at 74°. The inset shows the spectrum of flat H/Si(100)
exposed to TEMAH at 100°C and taken at 74°. The loss of Si-H indicates the interaction.

First the trenched H/Si surface is exposed to TEMAH at 100°C as shown by the
spectra in Fig A.7 which are referenced to H/Si and show the range of Si-H stretching
modes. The spectrum for the trenched sample taken at 74° has a substantial change in the
Si-H stretching modes, indicating the TEMAH is interacting with the surface Si-H and
the flat H/Si(100) exhibits similar feature after TEMAH dosing at 74° (the inset of Fig
A.7).

However, the spectrum of the trenched sample taken at normal incidence only shows
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small changes (Si-H loss less than 2%) in the range of the Si-H stretches. Since the 74°
spectrum gives the information (dipoles vertical and parallel to the surface) of both flat
surface and trenches (the side of the hole), and normal incidence gives mostly the
information (bonds parallel to the surface) of trenches, the spectral results may indicate
that at 100°C, TEMAH precursor doesn’t enter the trenches to have sufficient reaction
with Si-H. But due to the complexity of the surface geometry, it cannot be simply

explained.
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Fig A.8 Absorption spectra of trenched H/Si(100) exposed to TEMAH at various
temperatures which are referenced to H/Si and taken at normal incidence. Little change is
observed at 150°C, and at higher temperature, more Si-H loss is observed.

When the temperature is increased to 200°C, the loss of Si-H becomes more intense
as shown by Fig A.8, where the surface is thermally stable in N, as studied in the

previous section, possibly indicating that the precursor has sufficient kinetic energy to be
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driven into the trenches. With further increased temperature, although much more loss of
Si-H is observed, the contribution of the precursor interaction cannot be distinguished

from the thermal effect.
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Fig A.9 Absorption spectra of 10 cycles HfO, on trenched H/Si(100) at 300°C which are
referenced to H/Si taken at normal incidence. The inset shows 20 cycles HfO, on flat
H/Si(100) at 100°C which is referenced to H/Si and taken at 74°. Small amount of
Hf-O-Si and impurities is observed. Compared to the deposition on flat H/Si, there is no
significant difference.

Further, 10-cycle HfO, is deposited on trenched H/Si(100) at 300°C (Fig A.9). The
inset of Fig A.9 shows the spectrum of 20 cycles HfO, deposited on flat H/Si(100)
surface at 100°C. Hf-O mode observed ~680 cm™ indicates the formation of continuous
HfO, layer. The broad band around 990 cm™ is due to the interfacial Hf-O-Si bond [13].
Less amount of impurities (C, N and O) for the deposition at 300°C are observed by the

region at 1300-1700 cm™ than that at 100°C as well as the reduced D,O amount. The
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interfacial SiO, is not obvious in both cases. There is no significant difference between
the flat surface and trenched surface according to the spectral features.

However, due to the complicated surface geometry of trenched H/Si(100) surfaces,
the RBS spectrum of 10 cycles HfO; on it has a large tail for the Hf peak as shown by Fig
A. 10. Thus, it is very difficult to get the Hf atom areal density through RBS

measurement as we relied on before.
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Fig A.10 RBS spectrum of 10 cycles HfO, on trenched H/Si(100) at 300°C. There is a big
tail for the Hf peak because of the trenches which makes the analysis difficult.

A.3 Summary

In this chapter, the thermal stability of flat H/Si(111), H/Si(100) and trenched
H/Si(100) in N, is studied by in situ FTIR. Flat H/Si(111) shows the highest stability and
trenched H/Si(100) shows the lowest. Due to the surface roughness of trenched H/Si(100)
samples, little direct information can be obtained by using normal and ~74° incidence for
the IR measurements. The interference resulting from the trenches can be used to

estimate the trench depth with a simple model.
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The deposition of HfO, by using TEMAH and D,O is carried out at various
temperatures. Compared with the deposition on flat H/Si(100), higher temperature (above
200°C) is needed to drive the TEMAH precursor into the trench, as determined from the
results of normal incidence and ~74° IR absorption spectra. The RBS spectrum shows a
large tail resulting from the trenches which makes the analysis difficult. As a result, the

interpretation is only qualitative.
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