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ABSTRACT

This work brings novel insights into the existing knowledge on the deposition of films containing boron (B), carbon (C), nitrogen (N), and
aluminum (Al). The (A)BCN films are obtained at low substrate temperatures (Ts) of 250-400 °C from triethylborane, ammonia (NH3), and
trimethylaluminum. For BCN films, a nearly similar elemental composition of Bo.42Co.41No.1500.02, with 1-2 at. % variations, is observed for
substantial ranges of T's and NH;z-exposure time. This can indicate a similar growth mechanism and/or formation of a single-phase material.
While excluding precursor underdosing, a remarkable dependence of growth rate per cycle (GPC) on total gas pressure (Py:) is observed.
The GPC approaches near saturation regime for Pyot between 1 and 10 mbar, for Ts = 330-375 °C, which might support the occurrence of
a surface-adduct assisted pathway. The level of GPC saturation is influenced by T's. For a wide range of process conditions, N-share in the
films slightly varies between 12 and 16 at. %. C-share only changes between 40 and 42 at. %. The attempt to increase N-share by dissociating
NH3; into NH; radicals by hot wire assistance remarkably shows the opposite effect, i.e., a decrease in the N-share from 15 to 6 at. %. This
is accompanied by a corresponding increase in the B- and, in particular, C-shares, suggesting that the removal of carbon can occur via the
incorporation of nitrogen. For AIBCN films, changing Pt has a strong effect on their elemental composition. At Pt = 10 mbar, Al-deficient
films grow, whereas a Py of 0.2 mbar leads to mainly AIN-containing films with some inclusions of BN.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/6.0002331
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. INTRODUCTION

The family of boron (B), nitrogen (N), and carbon (C)
containing materials exhibits a variety of attractive optical, elec-
tronic, and chemical properties, showing an example of the pos-
sibility to combine several functionalities in one compound.'*
Graphene, hexagonal boron nitride (h-BN), and sp®~hybridized
boron-carbon-nitrogen (BCN) composites exhibit near-perfect
match of their crystal lattices.” " Layered BCN materials with com-
position ideally varying from pure graphene to pure h-BN are
expected to have a rich variety of electronic and optical properties,
notably a tunable bandgap and refractive index, potentially enabling
new applications. For example, the optical bandgap of BCN was
reported to increase for a higher nitrogen and lower carbon share.’
Therefore, synthesis, characterization, and possible applications of

BCN materials have been widely studied, both experimentally’ "

and theoretically.”'* Importantly, carbon and h-BN tend to form
segregated C- and BN domains in BCN, making the formation
of single-phase BCN films challenging. Although these materials
are generally united under the term “BCN” in the literature, their
constituting phases are usually not well specified. Applying high-
temperature processes will more likely lead to the separation of
phases since this is thermodynamically favorable.”'” Synthesizing a
single-phase BCN film might benefit from applying low-temperature
methods.

This work aims to bring the following novel aspects into the
existing knowledge on the deposition of BCN films. First, we report
on the deposition of thin BCN films at low substrate tempera-
tures between 250 and 400 °C in purely thermal mode, and film
characterization. A low temperature may promote the formation
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of a single-phase BCN film. Triethylborane (TEB) and ammonia
are used as the precursor and co-reactant, respectively. The pres-
ence of boron-to-carbon (B-C) bonds in the original TEB molecule
increases the chance of the presence of B-C bonds in the final prod-
uct, whereas NH; provides nitrogen atoms. The film growth occurs
in a pulsed-deposition manner with purges in between, to limit the
mechanism to merely surface reactions by mimicking an atomic
layer deposition (ALD) process. Second, considering the rather low
temperature budget, it is scientifically interesting to investigate to
what extent ammonia is still able to react with (i.e., nitridize) a
TEB-terminated surface at such low temperatures. Third, the role
of gas pressure in the reactor, in view of the possible occurrence of
a so-called surface-adduct assisted pathway,”’** to enhance surface
nitridation will be examined. Fourth, to increase the nitridation effi-
ciency, we utilize the so-called hot wire (HW) assisted deposition
in which molecular NH3 dissociates into NH, radicals and atomic
hydrogen (at-H) by using a hot tungsten wire kept at 1850 K.”* Fifth,
the (in)efficiency of carbon removal from the films at low tempera-
tures, very relevant to the formation of BCN, will be the point of
attention. Finally, we attempt to expand the range of materials from
just BCN to AIBCN, by replacing selected TEB/NH3 cycles with
trimethylaluminum (TMA) and NHj3 cycles, additionally incorpo-
rating aluminum. AIBCN films can presumably exhibit even larger
tunability of their electrical and optical properties. If not explicitly
specified in the text, abbreviations BCN and AIBCN neither denote
any quantitative elemental composition nor represent any phase
information.

Il. EXPERIMENTAL

The BCN and AIBCN films were deposited in a home-built
cluster deposition system described elsewhere.”® Prior to deposition,
Si (100) wafers underwent a three-step wafer cleaning procedure.
This included (i) removal of native oxide by a 1-min dip into
1% HF, (ii) rinsing in deionized (DI) water, and (iii) ozone-
steam cleaning followed by another HF dip and rinsing. The BCN
films were deposited in the total pressure range of 0.2-10 mbar
(regulated by a throttle valve), at substrate temperatures between 250
and 400 °C. The precursors were introduced via alternating pulses
with Ar-purges in between, to avoid gas phase reactions. The pre-
cursor vessels were kept at 20 °C for both TEB and TMA precursors.
The typical pulse- and purge durations were 0.5-2.0 s of TEB pulse
(tres), 0.5 s of TMA pulse (frma), 5 s of Ar for post-TEB purge
(tpost-EB)> 5 8 of Ar for post-TMA purge (¢post-Tama)> 2.0-60 s of NH;3
pulse (tnus), and 2-80 s of Ar for post-NHj; purge (fpost-Na3). To
realize AIBCN films by so-called super cycles, each TEB/Ar/NH;s/Ar
cycle was followed by a TMA/Ar/NHs/Ar cycle. The chosen pulse
durations of the first sub-cycle were 0.5 s of TEB, 5 s of post-TEB
purge, 30 s of tnm3, and 60 s of post-NH3 purge. For the second
sub-cycle, the durations were 0.5 s of TMA (t1uma), 5 s of post-TMA
purge, 10 s of txp3, and 5 s of post-NHj3 purge.

In situ measurements of film thickness and film optical prop-
erties were carried out by a Woollam M2000UT spectroscopic ellip-
someter (SE), operating in the wavelength range of 246-1689 nm
(0.72-5.05 eV), in combination with CompleteEASE 5.19 modeling
software. Ex situ SE measurements were performed with a Woollam
M2000FT spectroscopic ellipsometer.

scitation.org/journal/adv

The validity of the SE analysis was verified by sensitivity tests,
performed to confirm that the fits represented unique and global
solutions rather than local or shallow minima, and to estimate errors
in fitting the parameters. This resulted in calculating the mean
square error (MSE) value, representing the agreement between the
measured and modeled (fitted) data. A possible correlation between
multiple fit parameters was minimized by variable angle SE (VASE)
measurements (ex situ) and multi-sample analysis (MSA). The for-
mer provided more measurement events performed under different
angles on the same location (spot) on the wafer. The MSA com-
pared the same material at different film thicknesses, increasing
the consistency in determining optical functions. To further verify
the SE analysis, thicknesses of several selected samples were
independently measured by high-resolution transmission electron
microscopy (HRTEM) and x-ray reflectometry (XRR). The compari-
son indicated good agreement between the thickness values obtained
from both SE, XRR and HRTEM, with a maximum deviation not
exceeding 1-2 nm. This confirmed the applicability of the developed
model and provided a solid platform for further characterization of
the deposited films by SE.

The film composition was analyzed by x-ray photoelectron
spectroscopy (XPS), with a Quantera SCM instrument using
monochromatic Al Ka radiation at 1486.6 eV. The C 1s peak due to
ambient hydrocarbon contamination was calibrated at 284.8 eV.”*
Binding energies of the photoelectron lines of the film samples
were charge-referenced to this C 1s line. For compositional analysis,
XPS sputter depth profiling was performed using Ar ions. For each
measurement point, the elemental composition was determined
with an accuracy of 1-2 atomic percent (at. %). The stoichiometric
coefficients, depicted in Figs. 3 and 7 and mentioned in the text,
were the average values obtained for the particular layers from the
corresponding XPS sputter profiles.

lll. RESULTS AND DISCUSSION
A. Deposition of BCN films

Several experimental” > and theoretical "**”” works addressed
the thermal decomposition of TEB and growth of BN films from
TEB and NHj3. Ethane (C;Hg) elimination from a TEB:NH3 adduct
formed in the gas phase was proposed to occur through transi-
tional states involving pre-formation of the adduct species, which
could potentially evolve further and eventually form BN. However,
overcoming the high energy barrier for C;Hs elimination might
still be the limiting factor.' This energy barrier could be theoreti-
cally reduced by replacing one of the neighboring TEB:NH3 adducts
with a TMA:NH3 adduct. Lowering the barrier would cause the
formation of adduct-based transitional states more likely. Another
expected reaction pathway might presumably involve the thermal
decomposition of TEB at the growth surface.

Thermal decomposition of TEB starts at temperatures (T)
exceeding 250 °C and is accompanied by releasing ethylene (C;Ha)
in Ar ambient and ethane in hydrogen (H,) ambient.”””**** Above
400 °C, BH; formation is suggested via the elimination of the other
two ethyl groups.”””* Thus, one may expect an increased coverage
of the growth surface with BH3-dissociation products at T > 400 °C.
It should be noted that this process can hardly lead to a self-limiting
ALD mode. Carbon incorporation into the films can originate from
C,H,4 or C,H; since these hydrocarbons can enable carbon deposits
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L] FIG. 1. (a) Variation of GPC as a function
of Ts and t7gp at a Py of 5 mbar. Other
conditions: tpost.7es = 5 S; tywz i8S 5 S
for the solid and open symbols and 2 s
for the half-open symbols; fyostnm3 is
40 s for the solid and 10 s for open
and half-open symbols. (b) Effect of tyys
and fyostnHg on GPC at Py = 5 mbar.
Between the horizontal dashed lines, the

B ty;=2s
® ;=55

0,20+
a) oqg] ™ =05 b) 0054y
181 o tps=1s A 0052] m
—~0164 , B =
S trpp=25 20,050 ]
= 0,14 g g
20,121 o g oo m
0,10 E 0,046
~0,08] L] = 0,044
&, 0,064 8
0,042
0,04 : QO
0,02 g A =
0,00 +— ; , T . : : 0,000 ; T T
260 280 300 320 340 360 380 0 10 20 30

Substrate temperature (°C)

at comparable temperatures.”” The C;H; can form via H, elimina-
tion from ethylene.”””’ Incorporation of C bonded to B may occur
due to unbroken C-B bonds in the TEB fragments, assuming that
there is no efficient chemical route to remove the carbon at low tem-
peratures. (An example of such a route is the proposed removal of
CH; groups from trimethylgallium (TMG) by the surface-adduct
assisted pathway while forming gallium nitride (GaN) at 400 °C.)**
Chemisorption of NH; will be crucial to incorporate nitrogen.
Since thermal dissociation of NHj occurs at high temperatures®
(T > 1000 °C), lower shares of incorporated N can be expected
within the temperature range of 300-400 °C investigated in this
work. This low-temperature range is expected to lead to high B- and
C-shares and a low N-share. Hence, utilizing a growth mechanism
not involving direct NH3-dissociation (e.g., surface-adduct based)
can enhance the N-share.

1. Process kinetics

Figure 1(a) shows the effects of substrate temperature (T's) and
trgp on the growth rate per cycle (GPC). There are rather small
changes in the GPC for Ts < 325 °C, whereas above this temper-
ature, the GPC shows a sharp increase. This is likely due to the
enhancement of thermal dissociation of TEB while approaching
375 °C.” Since the GPC for the Ts ranging between 250 and 325 °C
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GPC varies within 0.006 nm/cycle.

remains nearly constant, one may speculate the occurrence of
self-limiting surface reactions in this temperature range. From
Fig. 1(b), one can see that the GPC is not significantly affected
by both tyms and tpost.nm3. The analysis of the step-wise growth
per cycle by in situ SE (not shown) revealed that t,os.NH3 longer
than 20 s is required to minimize possible gas phase reactions
between TEB and NH3 at a total pressure (Py:) of 5 mbar. Increas-
ing Piot to 10 mbar requires at least 60 s of tyos-nH3. Based on
Fig. 1(a), trgp is fixed at 0.5 s for the subsequent experiments.
Since temperatures below 325°C reveal unpractically low GPC,
to investigate the effect of Ts on the reaction with NH3 and the
removal of carbon, the range of 325-375°C is further selected.
From Fig. 1(a), there is presumably only a little decomposition of
TEB at Ts = 325°C, whereas Ts = 375 °C results in a significant
decomposition.

Studying the influence of total pressure on GPC and layer com-
position is interesting, since it may suggest a possible contribution
of the surface-adduct-assisted pathway to the film growth mecha-
nism, as demonstrated earlier in our work for ALD of GaN films.**
In this work, no film growth was observed at Py, of 1073 mbar. From
Fig. 2(a), the GPC noticeably increased, especially at Ts = 375 °C,
with Py raising from 0.2 to 1 mbar, and remained rather unchanged
for the pressure up to 5 mbar. At Ts = 330 °C, a further increase in
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FIG. 2. (a) Variation of GPC as a function of Py (regulated by a throttle valve), Ts, and tyys. Other conditions: treg = 0.5, fost.7e8 = 5°S, tynz = 58, and tposnnz = 40 S.
(b) GPC of samples deposited at various Ts and tyy3, as measured by in situ SE. The datapoint marked as “HW (1850 K)” corresponds to the attempt to dissociate molecular
NH; into NH; radicals and atomic hydrogen by using a hot tungsten wire (HW) kept at 1850 K [see text below in relation to Fig. 3(b)]. Other process conditions can be found

in Table S1 of the supplementary material.
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Piot to 10 mbar resulted in a nearly constant GPC value of ~0.011
nm/cycle. At 250 °C, the GPC gradually increased with the pressure
for all Py values. Deposition below the onset of thermal decom-
position of TEB (250 °C) was impractical due to the very low GPC
values.

Since longer tyr3 may affect the efficiency of surface nitridation
and thus cause a higher share of nitrogen in the layers, the influence
of the NH3 pulse time is investigated accordingly. From Fig. 2(b), the
GPC is rather unaffected by changing tnps in a wide range, similar
to the other findings. 31 This indicates that the shortest tym3 of 5 s
is sufficient for completing surface reactions (or the reaction goes to
an equilibrium state in 5 s).

2. Compositional analysis

XPS sputter-depth profile of a typical BCN sample is shown
in Fig. 3(a), specifying the elemental shares from several samples
summarized in Fig. 3(b). Remarkably, although obtained in the wide
ranges of T's and tnn3, the layers exhibit a nearly fixed composition of
B0.42C0.41N0.1500.02 with small variations within 1-2 at. %. This may
indicate the formation of a single-phase material, since assuming the
co-synthesis of separate (BNx, BCy, CN,, etc.) phases with their fixed
ratio in such a wide range of conditions seems rather unusual. Vary-
ing Ts only influenced the GPC [recall Figs. 1(a) and 2(b)], hardly
affecting the composition.

The attempt to dissociate molecular NHj; into NH, radicals and
atomic hydrogen (at-H) by using a hot wire (HW),”* thereby incor-
porating more nitrogen into the layers, led to the opposite effect. In
fact, the amount of nitrogen decreased from 15 to 6 at. %, accompa-
nied by an increase in the B- and, in particular, C-shares [Fig. 3(b)].
This suggests that the removal of carbon from the layers occurs via
the incorporation of nitrogen: a higher N-share leads to a lower
C-share and vice versa. Alternatively, the presence of at-H can
suppress the removal of carbon. In this light, an altered surface
chemistry to explain similar observations is proposed.” Since at-H
can promote the decomposition of hydrocarbons, this may enhance
the deposition of carbon. The attempt to increase N incorporation
by elongating tnus slightly influenced the elemental ratio [see last
three rows in Fig. 3(b)]. This confirmed that time was not the limit-
ing factor, at least not at Ts = 375 °C. The fact that the three bottom
samples have the same C-share but somewhat different N-shares can

scitation.org/journal/adv

be attributed to the partial replacement of N by O, reducing the
N-share.

The XPS analysis of chemical bonding environments was
further performed to clarify whether the as-obtained Bg42Co.41
No.1500.02 stoichiometry could be interpreted as a single-phase mate-
rial or a mixture of separate phases. Figure 4 shows representative
peak fitting of the B 1s, C 1s, and N 1s peaks. Gaussian fitting is
performed after fixing the peak positions at the corresponding val-
ues, in accordance with the studies referred to in Tables S2 and S3.
For the samples of Fig. 3(b), there is no apparent shift detected for
the B 1s and C 1s peaks with neither varying T's or tym3 nor apply-
ing the HW assistance. The B 1s peak is observed at ~189.6 eV, and
the fits suggest three possible chemical states of boron (neglecting
the B-O subpeak) centered at 187.6, 189.4, and 190.6 eV [Fig. 4(a)].
Three subpeaks are needed to adequately describe the C 1s spec-
tra [Fig. 4(b)]. The N 1s spectrum is found to have a tail toward
higher binding energies, when a longer tnu3 is used (see Fig. S1 in
the supplementary material), indicating a change in the bonding
environment. The subpeak located at 399.3 eV can be assigned to
C-N bonding (presumably in sp’C-N binding state),”’* whereas
the peak located at 400.3 eV can occur due to C-N bonding (sp?C-N
or C=N binding state) according to the reports summarized in
Ref. 35. See also other references in Tables S2 and S3 in relation to
the peak assignment.

The XPS analysis can suggest at least two bonding environ-
ments for N and three for C and B (neglecting the B-O subpeak).
The presence of a single BCxNy phase can be speculated, however,
not excluding the formation of separate BCy, CNy, pure-C, and
BN phases. As mentioned above, the elemental composition, only
slightly varying around Bo.42Co.41No.1500.02 for T's of 330-400 °C and
tnmsz of 5-60 s [Fig. 3(b)], may additionally point to the formation
of a single-phase BCN. A further investigation with additional anal-
ysis techniques is required to better identify the available phases;
however, this is not in the scope of this work.

3. Optical properties

To calculate the refractive index (n) of the BCN films from
SE, the B-spline model was used. If the material was assumed to
be transparent in the range of 0-2.48 eV, i.., the B-spline model
was replaced by the Cauchy model, this only affected the values of

a) 100 B C N (e] Si b) 2t %
;\? Variable parameter BICcIN O FIG. 3. (a) XPS sputter-depth profile
et of a representative Bg_42C0_41N0_1500_02
§ ¥ B0.42C0.1N0150y, 0 330°C  |42[41(15]2 SEpET Y T S EME eI Il
'..E . con (a-Si) layer to prevent film oxidation
E 60 T 375 oC 43140121 5 in the air. To be noted: the given sto-
g ichiometry does not necessarily imply
8 400 oC 43142112 3 a single-phase material. (b) Shares of
S 40 various elements (in at. %) for samples
° HW | HW-1850K | 45|47 | 6 | 2 deposited at different Ts and tyys. Row
g 20 “HW-1850 K” corresponds to the attempt
o 5s 431401215 to dissociate molecular NH; into NH,
< radicals and atomic hydrogen by using
0 50 60 tnes 30s 4314011512 an HW kept at 1850 K. Other deposition

60 s 42 140116 | 2 conditions can be found in Table S1.
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AIP Advances 13, 025237 (2023); doi: 10.1063/6.0002331
© Author(s) 2023

13, 025237-4

20:2€2) €202 AInr 8L


https://scitation.org/journal/adv
https://www.scitation.org/doi/suppl/10.1063/6.0002331

AIP Advances ARTICLE scitation.org/journal/adv

a) experimental data b) 1 experimental data
peak sum peak sum
_ subpeak B-C or B-B —_ ——subpeak C-B
=} subpeak B-C B ]——subpeak C-C
\s, subpeak B-N s subpeak C-N
subpeak B-O
: Z
L &
£ E
T T T T T 1 s - . . . ——— FIG. 4. Multi-peak fitting of representa-
196 194 192 190 188 186 184 290 288 286 284 282 280 278 Eve ?(PS( p;eaks Of(a)BCO:AZCO.MNO.(15)00,02
Binding energy - B 1s (eV Binding energy - C 1s (eV M g () B s o) © s, e (9 21
8 8y (V) § energy (V) (d) N 1s peaks with and without HW-
imental dat . assistance, respectively. To be noted: for
0) ggﬁa“ d) eﬁﬁfmm the film deposited at the longest tyx3 of
—_ —_ P 60 s, a shift toward higher binding ener-
subpeak N-B subpeak N-B o .
=] cubpeak N.C =] cuboeak N.C gies is observed in the N 1s spectra (see
K P & P Fig. $1).
2 2
.- -]
%) %)
= =
2 S
= [=
(o] ]
M iy

406 404 402 400 398 396 304 392
Binding energy - N 1s (eV)

n within a few percent (the actual error margin of the measure-
ments). To evaluate the extinction coefficient (k), an attempt was
made with the B-spline model as well, giving the values of k vary-
ing between 0.1 and 0.15, likely due to the presence of C. Still, the
behavior of k we obtained was unclear and should be verified further,
requiring additional experimentation and time-consuming model
development, both left out of this work.

The as-calculated # is plotted in Fig. 5. From Fig. 5(a), there
is no significant effect of Ts on n. This can be expected from the
similar elemental composition shown in Fig. 3(b). A slight increase
in n in the case of the HW assistance is possibly due to the some-
what higher share of C in the films or a small increase in their
density. Changing the ammonia pulse duration has a larger effect:
n decreases with elongating tyus [Fig. 5(b)]. The averaged composi-
tion from XPS [Fig. 3(b)] exhibits only 3-4 at. % higher N-content
for longer times. However, such small compositional changes can
still influence n. For example, a decrease in n by ~6%, if changing
the composition from Bg.1Co.55No.35 to Bo.13Co.54No.33 and further to
Bo.14Co.51No 35 stoichiometry, is mentioned.”* The effect is attributed
to the increased share of B-N and C-N bonds in the compound.
Other works mention a decrease in the optical bandgap of samples
containing 13 at. % of C, presumably due to the incorporation of
C atoms into the amorphous region of BCN films, forming C=C
and C=N bonds.”"" The occurrence of a 15% larger bandgap for
samples with similar composition is further reported,® attributed to
changes in the chemical bonding network. Narrowing the bandgap
is reported for amorphous C:H films with decreasing H content.”

406 404 402 400 398 396 394 392

Binding energy - N 1s (eV)

We propose that both elemental composition and chemical
bonding environment play a role in the ~10% change in the refrac-
tive index seen in Fig. 5(b). The films that experienced longer NH;
pulses exhibit lower n. From Fig. S1, the Bg4Co40No.1600.02 film
deposited at tnpy3 = 60 s (last row in Fig. 3(b) exhibits the N 1s peak
position at ~400.4 eV, whereas the By .43Co.40No.1200.05 film obtained
at tygz = 5 s [third row from the bottom in Fig. 3(b)] shows the posi-
tion at ~399.3 eV. According to Table S2, the lower binding energy
may correspond to sp’C-N binding state,””" whereas the higher
binding energy can be attributed to sp?’C-N binding state or C=N
bonding.”” Changing the binding state together with the increased
N-share is assumed to result in the observed 10% decrease in n for
the longer tnps3.

B. AIBCN films obtained by super-cycles

Asmentioned in Sec. 111 A, TEB:NH3 adduct may be considered
as a transitional state, which can potentially evolve further and even-
tually form BN. Overcoming the high energy barrier for by-product
elimination may be the limiting factor there.! This energy barrier
can be theoretically reduced by replacing one of the neighboring
TEB:NH; adducts with a TMA:NH; adduct. In this view, the realiza-
tion of super-cycles in which each TEB/Ar/NH3/Ar cycle is followed
by a TMA/Ar/NH;s/Ar cycle, to form an AIBCN film, is scientifically
appealing.

Although a tnpy3 value of 5 s seemed to be sufficient for the
GPC of the BCN films to saturate [recall Fig. 1(b)], we still used the
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FIG. 5. Refractive index n of the films of Fig. 3(b) deposited at various (a) Ts and (b) tyy3. Other process conditions can be found in Table S1.

longer tny3 for the AIBCN films to ensure that the nitridation reac-
tion occurred as much as possible. To investigate the total pressure
effect, the films were deposited at a Py, of either 0.2 or 10 mbar.

1. Deposition kinetics

At a Py of 0.2 mbar, a GPC of 0.1 nm/cycle is obtained. Con-
sidering that the GPC of a BCN film is only 0.02 nm/cycle at this
pressure [refer to Fig. 2(a)], the GPC of 0.1 nm/cycle may indicate
the dominant deposition of AIN. On the other hand, at a Py, of
10 mbar, BCN films can easily grow, suggesting the incorporation
of a larger share of BCN into the AIBCN material. Furthermore, the
deposition at 10 mbar is found to be thickness dependent. For exam-
ple, a GPC of 0.11 nm/cycle was obtained for the thicknesses up to
~10 nm, which further increased to 0.14 nm/cycle above this thick-
ness (see Fig. S2). Speculatively, this could be explained by closing
(i.e., reaching full surface coverage) the film above the 10-nm criti-
cal thickness. (To be noted: films grown at Py, = 0.2 mbar were, due
to their low GPC, all thinner or just comparable with this critical
thickness, so the effect remained unidentified at low pressures.)

The shape evolution of individual precursor cycles, measured
by SE, is analyzed further. However, before proceeding, let us

a) 105, NH, TEB
™A | ;INH3 ™A
—~ 1044 .
5 I n
& thickness change I
o 10,3 following TEB+NH, |
8 introduction 1 I
s X |
35 102 o
"_E (Il |
) I n |
10,1 Inn |
I n |
100 : Iy L .
12400 12500 12600 12700
Time (s)

£

emphasize the following. The extremely small variations of the
SE signal within a cycle are interpreted by the SE optical model
as thickness variations. Apart from this, changing the surface opti-
cal properties upon the corresponding chemical reactions may also
influence the signal. One should bear in mind that only the start and
end points of each cycle can be attributed to the real thickness val-
ues as they compose the entire (linear) growth curve. Since the final
film thickness can be verified by alternative measurement techniques
(electron microscopy, x-ray reflection, etc.), the positions of the start
and end points of each cycle on the growth curve can be reliably
determined. However, this cannot be straightforwardly applied to
the thickness variations between these points.

Still assuming that the thickness variation within a cycle, as
shown in Fig. 6, is a real phenomenon, the following analysis is
worth applying. At 0.2 mbar, the first strong up-step of a cycle
[Fig. 6(a)] corresponds to the introduction of TMA and presumably
indicates its successful chemisorption. The subsequent introduction
of ammonia leads to a small down-step. The next TEB pulse causes
a weak increase in the “thickness.” This may be expected consider-
ing the low GPC of BCN at 0.2 mbar [Fig. 2(a)], much lower than
the GPC of AIN (~0.1 nm/cycle from our experiments) at the same
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FIG. 6. Step-shape comparison for deposition at Ts = 375 °C and Py of (a) 0.2 mbar or (b) 10 mbar.
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temperature and pressure. Therefore, the pulse-shape analysis may
already suggest the dominant growth of AIN with a little addition
of BCN at Pyt = 0.2 mbar. At Pir = 10 mbar, the kinetics seems to
reverse, showing only a small “thickness” increase after each TMA
pulse and a large up-step after each TEB pulse [Fig. 6(b)]. This
may suggest that the chemisorption of TMA on a surface contain-
ing chemisorbed TEB species is inhibited, leading to the dominant
growth of BCN with a little share of AIN. The compositional analysis
below confirms this.

2. Compositional analysis

The XPS sputter-depth profiling is shown in Fig. 7. Apart from
Al, B, C, and N, low amounts of oxygen (less than 5 at. %) can be
seen. For deposition at a Ps; of 0.2 mbar, about 34 at. % of Al is
incorporated into the film [Fig. 7(a)]. This is in line with the obser-
vations for the kinetics and can be explained by the demonstrated
inhibited growth of BCN at such a low pressure. For deposition at a
Pyt of 10 mbar, the layer mainly consists of B, C, and N, with ~2 at. %
of Al [Fig. 7(b)]. Here, the BCN deposition takes over the AIN depo-
sition, somehow preventing the involvement of TMA molecules in
the film growth. Similarly, boron and/or carbon can occupy the
active surface sites, preventing the chemisorption of TMA.

Figure S3 shows the multi-peak fitting of Al 2p, B 1s, and
N 1s XPS peaks of the sample of Fig. 7(a) by using Gaussian fitting
based on the positions of the subpeaks fixed according to Table S3.
The C 1s peak (not shown in Fig. S3 due to its low intensity being
near the detection limit—no multi-peak fitting performed) position
shifted toward lower energies, namely to 282.0 eV, possibly due to
the presence of Al. Nitrogen shows two different bonding states
attributed to N-Al and N-B bonds as in AIN and BN, respectively.
The weak nitrogen-carbon subpeak, presumably present at ~399 eV,
can be assigned to C-N bonding (see Table S3 and correspond-
ing references). From the measured stoichiometry and the sub-peak
analysis, one may speculate that the Al 34B0.13C0.03No.4900.01 sample
of Fig. 7(a) obtained at Py,; = 0.2 mbar contains mixed AIN and BN
phases.

Figure S4 shows the multi-peak fitting of the Alg2Bo.41Co.36
No.1500.06 sample of Fig. 7(b) deposited at P,y = 10 mbar. The B 1s
and C Is spectra exhibit bonding states located at binding energies
similar to those of the Bo42Co.41No.150002 film of Fig. 4. Further-
more, the Al 2p peak can be successfully fitted by the two subpeaks
attributed to AIN and AL, O3, similar to the 0.2-mbar sample. The

scitation.org/journal/adv

N 1s peak shows two different bonding states attributed to N-Al
and N-B bonds as in AIN and BN, respectively. In addition, from
the multi-peak fitting of the N 1s peak, a weak subpeak due to C-N
bonding may be suggested. The peak position ranges between 399.0
and 400.3 eV, depending on the vertical position through the film
thickness probed by XPS. At the film surface, this C-N peak appears
at 399.0 eV, whereas it shifts to 400.3 eV while approaching the
film/substrate interface. This shift can occur due to a change in the
bonding environment of nitrogen, which can further cause the GPC
to increase above the 10-nm film thickness (see Fig. S2). The N
1s subpeak at 399.0 can be assigned to C-N bonding, whereas the
400.3-eV subpeak to C-N or C=N bonding.”” * One may refer to
Tables S2 and S3 for further details regarding the peak positions and
corresponding references.

In terms of its composition and chemical bonding environ-
ments from XPS, the Al.02B0.41Co.36N0.1500.0s Sample resembles the
Bo.42C0.41No.1500.02 sample of Figs. 3 and 4. As for the optical prop-
erties (see Fig. S5), the refractive index of the film deposited at Py
= 0.2 mbar is close to that of pure AIN," deviating by ~10%, which
can be attributed to the low-level inclusions of boron and carbon. At
Piot = 10 mbar, a significantly lower n is obtained, caused by the large
share of B.42Co.41No.1500.02, in agreement with Fig. 5.

IV. SUMMARY AND CONCLUSIONS

This work aimed to bring several novel insights into the existing
knowledge on the deposition of (A)BCN films in the low-
temperature range of 250-400 °C from TEB (plus optionally TMA)
and NHj3, in line with the six scientific questions posed in the
introduction. The XPS analysis suggested at least two bonding envi-
ronments for N and three for C and B. From this, the presence of
the single BCxNy phase can be speculated, not excluding the forma-
tion of separate BCy, CNy, pure-C, and BN phases. However, the
nearly similar elemental composition of Bg.42Co.41No.1500.02, varied
only within 1-2 at. % for the substantial ranges of substrate tem-
perature (from 330 °C and up to 400 °C) and NHj-exposure time
(tnms of 5-60 s) changes, might indicate a similar growth mech-
anism and formation of the material with single phase. In other
words, applying a low thermal budget could beneficially promote the
formation of this single-phase BCN material.

From XPS, applying the longest ty;3 influenced the N 1s bond-
ing environment. The lower binding energy of 399.3 eV might
correspond to the sp’ C-N binding state, whereas the higher binding
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energy of 400.4 eV could be attributed to the sp’C-N binding state
or C=N bonding. In addition, the N-share increased by 3-4 at.
%. As a result, the refractive index of the BCN material decreased
by ~10%.

In the range of Ts between 265 and 325 °C, the GPC of BCN
remained nearly constant. This might suggest the occurrence of self-
limiting surface reactions. Furthermore, the remarkable dependence
of GPC on the total pressure, approaching a near saturation regime
between 1 and 10 mbar for both Ts = 330°C and Ts = 375°C,
might also indicate the occurrence of a pressure-independent surface
coverage or self-limiting surface reactions at these pressures. The
coverage, and therefore the reactions, were however dependent on
the Ts. One should bear in mind that the GPC-saturation behavior
could not be explained by underdosing the precursor, since just ele-
vating the temperature from 330 to 375 °C in the saturation region,
while keeping the same precursor dose, significantly increased
the GPC.

The GPC-vs-Pir behavior might support the occurrence of
the surface-adduct assisted pathway in the film growth mechanism
since it showed a similar trend as reported in our earlier work
on thermal ALD of GaN films.”* Briefly, the purely thermal ALD
of GaN occurred between 375 and 425 °C and yielded a GPC as
high as 0.1 nm/cycle. Carbon-free, polycrystalline films with sub-
10 nm crystalline domains were deposited. The approach relied on
the speculated existence of the so-called trimethylgallium-ammonia
(TMG:NH3) surface adduct, and its conversion into GaN network.
Importantly, the formation of the surface adduct might be strongly
enhanced by the partial pressure of NH3, whereas its conversion was
enhanced by the duration of NH; pulses.

In this work, in the Ts range of 330-375°C, the GPC also
noticeably increased with increasing Pi; to 1 mbar and remained
unchanged for the pressure up to 10 mbar. However, the level of sat-
uration of the GPC was influenced by T, which is very similar to the
effect observed in Ref. 22. (One should once again bear in mind that
underdosing of the precursor was excluded.) From these results, the
existence of a TEB:NH3 surface adduct might be speculated.

Considering the low thermal budget used in this work, it was
scientifically interesting to investigate to what extent NH; was able
to react with a TEB-terminated surface, providing its nitridation.
It appeared that, in the ranges of temperatures and NH3-exposure
times applied, the N-share varied within 12-16 at. % only. This sug-
gested a limited reactivity of NH3 with the surface. Once again, the
narrow range of the N-share variation, while significantly changing
both temperature and pressure, might point to a similar deposition
mechanism and the formation of a single-phase material. The same
argument holds for the C-share, nearly fixed at 40-42 at. %. This
means that the removal of carbon from the films was hardly affected
by both temperature and pressure.

The work further attempted to increase the nitrogen share
in the layers by dissociating molecular NH3 into NH, radicals
via implementing hot wire assistance. This remarkably led to the
opposite effect, i.e., the amount of nitrogen decreased from ~15
to 6 at. %, yielding a composition of Bo.45Co.47No.0600.02 instead of
Bo.42C0.41N0.1500.02. The decrease in the nitrogen share was accom-
panied by a corresponding increase in the B- and, in particular,
C-shares. The latter suggested that the removal of carbon might
occur via the incorporation of nitrogen—another argument in the
favor of the formation of the single-phase BCN material.

scitation.org/journal/adv

As for the AIBCN films, a Ps; of 10 mbar resulted in ~10%
higher GPC, as compared to that at a Py, of 0.2 mbar. Furthermore,
changing P had a strong impact on the film’s elemental compo-
sition. Alp34B0.13C0.03N0.4900.01 and Alg.02Bo.41Co.36No.1500.06 films
were grown at 0.2 and 10 mbar, respectively. This indicated that
the enhanced BCN deposition occurred at P,y = 10 mbar, whereas
at Py = 0.2 mbar, the films largely consisted of AIN. In terms of
the refractive index, composition, and chemical bonding environ-
ments, the Algo2Bo.41Co.36N0.1500.06 films grown with super—cycles
resembled the By 4>Co.41No.1500.02 samples obtained without super-
cycles. In the Alg34B0.13C0.03N0.4900.01 films grown at Pso; = 0.2 mbar,
the co-existence of stoichiometric AIN and BN phases might be
suggested.

SUPPLEMENTARY MATERIAL

Additional information on deposition and characterization
details of (A)BCN films, given in Figs. S1-S5 and Tables S1-S3, can
be found in the supplementary material.
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