Atomic layer deposition of BN as a novel capping barrier for B,O3
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The deposition of boron oxide (B,O3) films on Si and SiO, substrates by atomic layer deposition
(ALD) is of growing interest in microelectronics for shallow doping of high aspect ratio transistor
structures. B,O3, however, forms volatile boric acid (H;BOj3) upon ambient exposure, requiring a
passivation barrier, for which BN was investigated as a possible candidate. Here, the authors dem-
onstrate in situ deposition of BN by sequential BCl3/NHj reactions at 600 K on two different oxi-
dized boron substrates: (a) B,O5 deposited using BCl3/H,O ALD on Si at 300 K (“B,05/S1”) and
(b) a boron-silicon oxide formed by sequential BCl3/O, reactions at 650 K on SiO, followed by
annealing to 1000 K (“B-Si-oxide”). X-ray photoelectron spectroscopy (XPS) data demonstrate
layer-by-layer growth of BN on B,05/Si with an average growth rate of ~1.4 A/cycle, accompa-
nied by some B,0; removal during the first BN cycle. In contrast, continuous BN growth was
observed on B-Si-oxide without any reaction with the substrate. XPS data also indicate that the
oxide/nitride heterostructures are stable upon annealing in ultrahigh vacuum to >1000 K. XPS
data, after the exposure of these heterostructures to ambient, indicate a small amount of BN oxida-
tion at the surface NH, species, with no observable hydroxylation of the underlying oxide films.
These results demonstrate that BN films, as thin as 13 A, are potential candidates for passivating
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boron oxide films prepared for shallow doping applications. Published by the AVS.
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I. INTRODUCTION

Boron oxide (B,03) films have been proposed for ultrashal-
low Si doping applications in advanced CMOS fabrication.'™
Layer-by-layer growth of B,O; by atomic layer deposition
(ALD) allows for precise thickness control of the conformal
B,O; layers, which, in turn, is proportional to the B dopant
concentration in the Si substrates.” We have previously dem-
onstrated the ALD of B,0; films on Si by alternating expo-
sures of BCl; and H,O precursors at room temperature.’
Additionally, sequential reactions of BCl; and O, on SiO, at
650K yielded a mixed B-oxide/Si-oxide, which, upon anneal-
ing at 1000K in ultrahigh vacuum (UHV), removed CI,
leaving B-Si-oxide.”

The use of boron oxide for doping applications motivates
the use of a capping/diffusion barrier to protect the oxide
against reaction upon exposure to ambient and the formation
of boric acid.'*¢ Previous reports of capping barriers include
antimony oxide,>* alumina,'*® and silicon dioxide.? Antimony
oxide does not passivate B,O3; in ambient conditions; after
long term storage, the thickness of both the underlying boron
oxide and antimony oxide layers increased, which the authors
attribute to diffusion of water vapor through the capping
barrier.>* Kalkofen ez al. reported ~44% reduction in B,0;
thickness after depositing the antimony oxide cap at 473 K.
This loss in the thickness of B,O; was attributed to the ele-
vated temperature used for cap deposition.” Alumina has been
reported to crack when used as a capping barrier at temper-
atures >673 K, allowing the B,0O5; under-layer to oxidize to
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boric acid.® Boron was reported to selectively diffuse into the
silicon dioxide sidewall spacer instead of Si during rapid
thermal anneal (RTA) treatment at 1273 K.” RTA is generally
used for activating existing dopants or doping substrates.
Silicon dioxide as a capping barrier may result in a significant
loss of B dose from Si. Capping B,O; with BN provides a
novel route to the passivation of the oxide surface. Although
the thermal stability of BN prevents its use for doping by
drive-in anneal into the Si substrate,' BN acts as an excellent
passivation barrier for B,O; and may also inhibit upward
boron migration during drive-in anneal.

Previously, BN was deposited by thermal, plasma, and laser
ALD methods using various precursors.* " The first study of
BN ALD reported the use of BBr; and NH; precursors at sub-
strate temperatures ranging from 673 to 1023 K.” This was fol-
lowed by other reports using the same precursors for laser
ALD of BN on SiO,,'"” and a more recent report of thermal
ALD on nanoporous aluminum oxide templates.'' Ferguson
et al. described the growth of BN using BCL;/NH; ALD at
500 K on ZrO, substrates.'” Thermal and plasma ALD of BN
using noncorrosive precursors was also established when trie-
thylborane'? and triethylborate'* were used in conjunction
with NH3 (Ref. 13) and N,/H, plasma,]4 respectively.

ALD of BN using BCl; and NH; precursors at elevated
temperatures (600 K) is a well-explored procedure.'*'>""
We present in situ x-ray photoelectron spectroscopy (XPS)
data demonstrating that sequential BCl;/NH; exposures at
600K vyield BN film growth on (a) B,05/Si and (b)
B-Si-oxide, with some erosion of the substrate oxide in the
former case but not the latter. Here, the notation “B,05/Si”
denotes B,0Oj5 films deposited by BCl3/H,O precursors on a
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Si substrate at 300 K; and “B-Si-oxide” describes boron-silicon
oxide films formed by sequential BCl3/O, reactions at 650 K
on SiO, followed by annealing to 1000 K. Additionally, XPS
data before and after BN/oxide exposure to ambient demon-
strate the ability of BN films, that are a few monolayers thick,
to passivate such oxides against ambient exposure. These
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Fic. 1. XPS spectra of (a) B 1s and Cl 2p regions, (b) O s regions, and
(c) Si 2p regions of Si(100) before exposure to BCl3/H,O (black square
trace) and after 11 cycles of BCl3/H,O at 300 K, resulting in a B,O5 film on
Si (red circle trace).
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nitride/oxide interfaces are also thermally stable to at least
1000K in UHV. These results demonstrate that ultrathin BN
films can be grown on boron oxide substrates by ALD and
show significant promise as capping/diffusion barriers for
B,03 in shallow doping applications.

Il. EXPERIMENT

Si substrates (1 x 1 sz) were scribed from an undoped
Si(100) wafer. Ex situ cleaning was performed by sonication in
methanol (Fisher Scientific, >99.99% purity, CAS# 67-56-1)
and then in acetone (Fisher Scientific, HPLC grade, CAS#
67-64-1) for 10 and 5 min, respectively, prior to piranha clean-
ing (5:1:1, H,O:H,SO4:H,0,) to remove organic contami-
nants. This was followed by an HF dip (300:1, H,O:HF) to
remove most of the native oxide on silicon. The HF etch step
was done on one of the samples—sample (a) used for B,O;
ALD denoted as B,O5/Si. This step was skipped for sample
(b) denoted as B-Si-oxide.

After ex situ cleaning, the sample was transferred to a
stainless steel three chamber vacuum system which has been
described previously.’ Briefly, the system is equipped with
an ALD chamber (base pressure ~1 x 1077 Torr), an MBE
deposition chamber (base pressure ~5x 107" Torr), and a
surface analysis chamber (base pressure ~3 x 10~'°Torr)
with capabilities for XPS and an Ar* ion sputter gun for
sample cleaning. These chambers were isolated by manually
operated gate valves, and sample transfer between chambers
was accomplished using a magnetically coupled transfer
arm without sample exposure to ambient. Sample heating in
the ALD or surface analysis chamber was accomplished
using resistive heaters, and temperature measurements were
made by a type K thermocouple mounted in proximity to
the sample. Gas pressure in the sample analysis chamber
was monitored using a nude ion gauge calibrated for N,.
Pressure in the ALD chamber was monitored using either a
nude ion gauge or a baratron capacitance manometer. ALD
exposures recorded here are in Langmuir (L; 1L=10"°
Torr sec) and have not been corrected for ion gauge sensitiv-
ity or flux to the surface.

For sample (a), in situ substrate cleaning was carried out
by annealing in O, (10_7 Torr, 1000 K) (AirGas, 99.999%
purity, CAS# 7752-44-7) to remove adventitious C. Si sub-
strates were subsequently exposed to 5x 107>Torr Ar"
(Scott Specialty Gases, 99.9999% purity, CAS# 7440-37-1)
ions at 3 kV, 25 mA sputter conditions to remove the surface
oxygen. Si samples used here typically had O surface cover-
ages of ~2 A, and XPS data indicated the presence of Si’
and a small amount of suboxide, but no Si**.'819 The in situ
cleaning process for sample (b) was achieved by annealing
in UHV at 1000 K for 1 h to remove surface carbon contami-
nation. The cleaned SiO, substrate had carbon impurity
levels of <1 at. %.

XPS spectra were acquired using a 100 mm mean radius
hemispherical analyzer set at a constant pass energy of 50 eV,
a nonmonochromatic Al Ko x-ray source (1486.6 V) operat-
ing at 300 W and 15kV, and with a sampling area of ~5 mm?.
All photoemission binding energies were referenced to the
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bulk Si 2p feature at 99.3 eV.'"®'? The spectra were analyzed
using commercially available software with capabilities for
Shirley background subtraction, and the peaks were fit using
Gaussian—Lorentzian functions.”® Film thicknesses were
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Fic. 2. XPS spectra of (a) B 1s and CI 2p, (b) O Is regions, and (c) Si 2p
regions of B-Si-oxide films after 0 BCl3/O, reactions (black square trace),
8 BCl3/0, reactions at 650 K on SiO; (red circle trace), and after 1 h UHV
anneal to 1000 K (blue triangle trace). In (b), the deconvoluted O 1s spec-
trum after annealing indicates the presence of both B-O (solid green trace)
and Si—O (solid green trace) features at 533.5 and 532.3 eV, respectively.
The sum of the deconvoluted spectra (light blue open circles) is in close
agreement with experimental data (blue triangle trace).
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averaged over the x-ray spot size and calculated using inelastic
mean free path (IMFP) lengths through the BN overlayer; 34.4,
27.16, 30.06, and 34.29 A for B 1s, O 1s, N 1s, and Cl 2p
photoelectrons, respectively. B,Oj3 thickness after BN deposi-
tion was calculated using the IMFP lengths through the B,0;
overlayer; 34.93, 26.03, and 33.04 A for Si 2p, O 1s, and B 1s,
respectively. The IMFP lengths were calculated using TPP-2M
IMEFP predictive equation.”!

Electronic grade BCl; (IGX Group, CAS# 10294-34-5,
99.999% purity) and NH; (Praxair, CAS# 7664-41-7,
>99.999% purity) gases obtained from commercial vendors
were used as precursors without further purification. BN films
were deposited in sifu on B,O5 by alternating BCl; (7.5 x 10'L)
and NH; (4.2x10’L) exposures at 600 K. The boron
oxide films examined here were grown on two different
substrates—Si and SiO,—as described previously.” Our
previous study indicated that B,O3; growth using BCI3/H,O
cycles occurred at 300 K on Si by an ALD process, but the
growth on SiO, using BCl;/0, did not occur at 300 K but
did occur at 650K in large part by B reaction with the
oxide substrate.” That study also showed that B,O5 growth
on Si occurred with Cl contamination only at the boron
oxide/Si interface but the growth on SiO, yielded signifi-
cant Cl contamination throughout the boron oxide film,
which could be removed by annealing.” Attempted BN
growth on each type of boron oxide permits an examination
of whether factors such as Cl contamination or the proxim-
ity of the substrate might influence BN growth or the
ability of BN to passivate the substrate. During both BN
and B,0; growth, the chamber was allowed to pump down
to a base pressure of 3 x 107> Torr between alternate cycles.
All postdeposition anneals were performed in the UHV
chamber with a base pressure of ~3 x 107'° Torr.

lll. RESULTS
A. B,O; deposition on Si and SiO,

Thin films of boron oxide were deposited on Si and SiO,
substrates by alternating exposures of BCl3/H,O at 300K and
BCI3/O, at 650K, respectively. A detailed description of the
respective B,O3; and B-Si-oxide growth processes has been
reported previously.” The XPS spectra of B 1s, O Is, and Si 2p
regions corresponding to B,O; ALD on Si after 11 BCl3/H,O
exposures at 300K are displayed in Figs. 1(a)-1(c). These
data indicate that the average thickness of B,O; is ~25.6+
1.4 A after 11 ALD cycles with a B 1s binding energy at
~193.8 eV. This is consistent with the previously reported
values for B—O bond formation, although this information
cannot be used to rule out the formation of boric acid
(H;BO3).”? Previous studies”>® have reported the presence
of a small CI 2p feature near 201.4 eV due to CI-Si bond
formation at the B,05/Si interface, as Cl-Si species are
unreactive toward H,O at room temperature.” The data in
Fig. 1(a), however, indicate a negligible change in intensity
in this region after B,O3 ALD, suggesting that the presence
of any adsorbed Cl is small and masked by the plasmon
feature of the substrate.**
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FiG. 3. Evolution of (a) B 1s and CI 2p, (b) O 1s, (c) Si 2p, and (d) N 1s XPS spectra during BN ALD on a 25.6 A thick B,03/Si film. After 0 BCl;/NH;3
cycles (black square trace), after 1 BCl3/NH; cycle (red circle trace), and after 6 BCl3/NHj; cycles (blue triangle trace) at 600 K.

The XPS spectra of B 1s, O 1s, and Si 2p regions corre-
sponding to boron oxide deposited on SiO, after 8§ BCl;/O,
cycles at 650 K, followed by annealing to 1000 K in UHV, are
displayed in Figs. 2(a)-2(c), respectively. Figure 2(a) shows an
increase in the B 1s intensity at ~193.3 eV corresponding to
B-O bonds after 8 BCI3/O, cycles. This was accompanied by
an increase in the Cl contamination at ~200.8 eV, indicating
that the O, precursor failed to completely abstract Cl from the
boron oxide film even at an elevated substrate temperature. An
initial UHV anneal of the films to ~800 K removed some Cl
contamination but a significant amount of CI was still incorpo-
rated in the film. A subsequent anneal to 1000 K significantly
decreased the Cl contamination as seen in Fig. 2(a). This
anneal temperature agrees well with the desorption temperature
used for halogen removal from Si under UHV conditions.”
The anneal treatment also resulted in a slight broadening of the
B 1s signal toward higher binding energy. The full width at
half maximum (FWHM) of the B 1s peak increased from 2.1
to 2.7eV [Fig. 2(a)]. This is consistent with the removal of
surface contamination and the formation of a mixed boron-
silicon oxide, which is stable at 1000 K. The XPS-derived
thickness of the oxidized B phase after anneal is ~7.8 0.2 A.

Figure 2(b) shows an increase in the O 1s intensity and a
shift to higher binding energy from ~532 to ~532.7 eV after
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the UHV anneal. The increase in O 1s intensity after the
anneal step could be due to the reappearance of O 1s signal,
which has been attenuated by Cl contamination. The signifi-
cant change in intensity, however, points to the replacement
of Cl atoms with adsorbed O or O migration from the under-
lying substrate. The shift in O 1s spectra to higher binding
energies also agrees well with Si—-O-B formation.*

The broad O 1s XPS spectrum, after the anneal, is decon-
voluted into two peaks using FWHM and binding energy
constraints. The FWHM was constrained to 2.7 eV for both
components, and the binding energy of O 1s corresponding
to the Si—O component was derived from the O 1s signal in
SiO, prior to BCl3/O, exposures. The deconvoluted O 1s
spectrum [Fig. 2(b)] indicates the presence of both oxidized
B and Si in the film at ~533.2 and ~532 eV, respectively,
consistent with previously discussed results. This deconvolu-
tion also confirms that some O migrated from the SiO, sub-
strate to contribute to the growing boron oxide film.’

B. BN cap deposition on B,03/Si

The evolution of BN growth using BCl3/NH;3 exposures
at 600 K on B,03/Si is displayed in Figs. 3(a)-3(d). The
XPS data in Fig. 3(a) demonstrate that the first BCl3/NH;
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cycle results in a sharp decrease in the total B 1s signal at
~193.8eV and a broadening of the B 1s feature toward a
lower binding energy of ~192 eV. Subsequent BCl;/NHj; reac-
tion cycles result in an increase in the broadened B 1s inten-
sity and a further shift to 191.7 eV. The data in Fig. 3(a) also
show an increase in the CI 2p intensities with increasing
number of BCl;/NH; cycles. The data in Figs. 3(b) and 3(c)
show a corresponding decrease in the O 1s intensity and an
increase in the Si 2p intensity after the initial BCl;/NH; expo-
sures at 600 K. However, only a slight decrease is observed in
the O 1s signal during the subsequent BCI3/NH; cycles. Note
that the decrease in O 1s intensities after 1 and 6 BCI;/NH;
reaction cycles [red circle and blue triangle traces in
Fig. 3(b)], while experimentally distinct, is obscured by the
relative intensity of the initial O 1s feature. Therefore, O 1s
evolution is shown in more detail in Fig. S1 of the supplemen-
tary material.>” The data in Fig. 3(d) demonstrate a monotonic
growth of the N 1s feature at ~398.6eV with increasing
number of BCl3/NH; reaction cycles. From the XPS survey
scans, no nitrogen species were observed prior to the BN dep-
osition. The shift in B 1s binding energy to lower values and
the appearance of an N 1s signal at 398.6eV confirm the for-
mation of BN on B,04/Si."”""" The decrease in the B 1s and
O 1s intensities during the first BCl3/NHj; cycle, and a corre-
sponding increase in the Si 2p peak intensity, as seen in Figs.
3(a)-3(c), is consistent with the significant consumption of
B,0Oj3 during the initial BN deposition under these conditions.
It should be noted that the consumption of B,Oj3 is marked by
a decrease in XPS intensity at higher binding energies of
193.8 eV for B 1s and 532.8 eV for O Is corresponding to B—
OH bonds.”® This suggests that the consumption of oxidized
boron is mainly in the form of boric acid (H;BO3), but some
B,O3 consumption cannot be ruled out. Although the B,0;
films were not exposed to air in between B,O5; and BN cap
deposition, the presence of boric acid could be due to H,O
being used as a precursor during B,Oj3 film growth. The resid-
ual B Is and O 1s peak maxima shift to lower binding ener-
gies of ~192.8 and ~532.3 eV, respectively.

The broad B 1s feature observed after BN cap deposition
in Fig. 3(a) was deconvoluted into two peaks corresponding
to B—O (denoted by Bp) and B-N (denoted by By) bonding
environments by constraining the FWHM to 2.8eV as
shown in Fig. 4. Figures 4(a)—4(c) depict the deconvoluted
spectra of B 1s and Cl 2p regions after 1, 4, and 6 BCI;/NH;
cycles at 600 K. These data demonstrate that the B 1s com-
ponent corresponding to By at ~191.7 eV (Refs. 15-17)
increases with increasing number of BCl3/NH; cycles, indi-
cating the growth of BN on B,0s.

The decrease in B,O; average film thickness after the
initial BCl3/NH; exposures was calculated by first deconvolut-
ing the B 1s spectrum into components corresponding to the
oxide and nitride films (B, By) as shown in Figs. 4(a)—4(c)
and then using the following equations for estimating the
B,O5 [Eq. (1)] and BN [Eq. (2)] layer thicknesses:***’

I, /ASFB> o

1 =1 i x 1 1
5201 SIBs n( * Is;/ ASF;
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BN = ABO—BN

X ln<1 +

Here, tg,0, and tgy denote the thicknesses of B,O3 and
BN films, respectively. The IMFP lengths used for Si
through B,0O3 (4si—B,0,) and Bo through BN (dgo_pn) are
34.93 and 34.4 A, respectively. The intensities used for these
thickness calculations are denoted by Igo and Ign corre-
sponding to the B and By components of the B 1s spectrum
as shown in Figs. 4(a)-4(c). Is; denotes the intensity of the
Si 2p region as shown in Fig. 3(c). The atomic sensitivity
factors of boron and silicon are denoted by ASFg and ASFg;,
respectively.”* The thickness of the BN layer calculated by
this method [Eq. (2)] is of course dependent on the calcu-
lated thickness of the B,Os5 layer [Eq. (1)].

The thickness of BN was also calculated using the attenu-
ation of O 1s intensity obtained from B,Oj relative to the
intensity of the N 1s spectrum, according to standard
methods? [see Figs. 3(b) and 3(d) and Fig. S1 of the supple-
mentary material].”” This assumes that the consumption of
B,0;5 occurs only during the formation of the first complete
BN layer. BN thickness calculations by this method agreed
well with those computed using Eq. (2).?*° The boron

In, /ASFg

e —t Asi Q@
Is;/ ASFs; X exp (—1a,0,/2s Bzo3)> 2
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oxide thickness decreased from ~25.6+1.4 to ~13+1A
after 1 BCl3/NHj; cycle at 600 K with no further loss during
the subsequent cycles.

The evolution of XPS-derived average BN film thickness
with the number of BCI3/NH; cycles at 600 K is displayed in
Fig. 5(a). Corresponding Cl/By, Bn/N, and Bo/Si atomic
ratios as a function of the number of BCls/NH; reaction are
displayed in Figs. 5(b)-5(d), respectively. Figure 5(a) shows
a linear, ALD-type growth of BN with growth rates directly
proportional to the number of BCl3/NH; cycles at 600 K.
The average growth rate of BN on B,Os is ~1.4+0.2 A/
cycle, which is consistent with results obtained for BN ALD
using BCI3/NH; precursors on Co,">'® Ru0,,"” and ZrO,
(Ref. 12) substrates. Data in Fig. 5(b) indicate an initial
Cl/By atomic ratio of 0.05, corresponding to a monolayer of
Cl residue seen during B,O5; growth at the B,05-Si inter-
face.’ The CI to By atomic ratio is observed to increase up
to 2 BCl3/NHj; cycles, followed by a decrease during subse-
quent BCIl3/NH; exposures at 600 K. The continuous
removal of Cl with increasing number of BCI3;/NHj; cycles
suggests that the NH; exposures at 350 mTorr for 2 min are
not saturation-limiting on the B,05/Si surface under these
deposition conditions. The residual CI impurity was reduced
significantly after a 10 min anneal to 800 K in UHV, with
no significant change in the B 1s or N 1s XPS spectra.
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The data in Fig. 5(c) indicate stoichiometric BN film forma-
tion with the By to N atomic ratio ~1:1. Data in Fig. 5(d)
show the ratio of B to Si decreases significantly upon the
first cycle of BCl3/NH; corresponding to the decrease in
B,O5 film thickness from ~25.6+1.4 to ~13+1 A. After
the first BCl3/NHj; cycle, the ratio does not decrease further,
indicating that the consumption of B,O; layer was limited to
the initial BCl3/NH; exposures.

C. BN cap deposition on B-Si-oxide

The evolution of BN growth using BCl3/NHj; exposures
at 600 K on B-Si-oxide films deposited on SiO; is displayed
in Figs. 6(a)-6(d). The data in Fig. 6(a) demonstrate an
increase in the B 1s intensity and a shift in the binding
energy from 193.6 to 191.4eV after BCl3/NH; cycling at
600 K.'>™'7 Peak broadening toward lower binding energies
was observed corresponding to an increase in the FWHM
from 2.5 to 3 eV with increasing number of BCl3/NH; cycles.
The O 1s and Si 2p spectra in Figs. 6(b) and 6(c) indicate
negligible consumption of B-Si-oxide during the BN deposi-
tion. The decrease in O 1s intensity [Fig. 6(b)] is consistent
with the attenuation of XPS signal caused by the BN over-
layer. Figure 6(d) shows a monotonic increase in the N 1s
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intensity at ~397.2 eV with increasing number of BCl3/NHj3
cycles. From the XPS survey scans, no nitrogen species were
observed prior to BN deposition.

These results indicate that ~12.8 0.2 A of the BN film
was deposited after 8 BCly/NH; cycles on ~7.8 0.2 A of
B-Si-oxide without erosion of the underlying layer. The
increase in the FWHM of B 1s after BN ALD on B-O-Si
also indicates the presence of two different bonding environ-
ments corresponding to both B-O (Refs. 5 and 22) and B-N
(Refs. 15-17) species.

D. Thermal and ambient stability of BN/B,0O3/Si

The thermal stability of BN/B,Os/Si heterostructures was
examined by annealing a BN/B,O3/Si sample prepared under
identical conditions to those discussed in Sec. II B. This sample
had a BN film thickness of ~13+0.2 A, deposited after
8 BCI3/NH; cycles at 600K on a B,O; layer deposited using
11 BCl3/H,O cycles at 300 K. Postdeposition annealing was
done to ~800K to remove the residual Cl impurities from the
BN film. The XPS spectra of B 1s and Cl 2p regions before
and after the anneal are shown in Fig. S2 of the supplementary
material.”” In order to test the thermal stability of these hetero-
structures, the film was then annealed to ~1130K in UHV for
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30 min (Fig. 7). The data in Figs. 7(a)-7(d) show no significant
change in the core level XPS spectra of B 1s, O 1s, Si 2p, and
N 1s regions. The B 1s peak maxima did not shift to lower
binding energy (~187-188 eV) to suggest Si—B bond formation
in Fig. 7(a).*® The reason for no observable doping might be
due to our low anneal temperatures. The minimum temperature
used for thermal activation and dopant drive-in is ~1173 K.'~
Another reason for the lack of shift in the B 1s binding energy
might also be due to the absence of a controlled temperature
gradient usually applied for a short duration during RTA treat-
ment required for dopant activation.'” The data in Fig. 7,
however, indicate that the BN/B,O5/Si heterostructure is ther-
mally stable to ~1130 K in UHV.

The ambient stability of BN-capped B,0O; films was
examined by exposing the annealed sample to atmosphere at
room temperature for ~5 min. Uncapped B,Oj; films react
readily with the atmospheric moisture, resulting in volatile
boric acid formation upon exposure.'™° The evolution of B
1s, O 1s, and N 1s spectra before and after ambient exposure
is shown in Figs. 8(a)-8(c). The binding energy of H;BO;
is ~194 eV, which is about 1 eV higher than that of B,O;
(~193eV). 3283132 The B 15 spectrum in Fig. 8(a) shows
no shift to higher binding energy or broadening of the peak
that would suggest boric acid formation. Figure 8(b)
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indicates a significant increase in O 1s intensity and a slight
shift to lower binding energy at ~532 eV. Figure 8(c) shows
the N 1s region before and after ambient exposure. A signifi-
cant attenuation in the N 1s intensity and the appearance of
small shoulder at a binding energy of ~401.3eV corre-
sponding to N-O species is observed upon ambient expo-
sure.” In order to elucidate the effect of ambient exposure
on N sites, the N 1s spectra before and after ambient expo-
sure were deconvoluted into two peaks. Before exposure,
the two components correspond to N-B (Refs. 15-17) and
N-H (Ref. 33) bonding environments centered at ~398.4
and ~399.3 eV using the FWHM constraint [see Fig. S3(a)
of the supplementary material].”” The existence of NHy
species at BN surfaces prepared by BCIl3/NH; ALD has
been identified by FTIR.'>'* Oxidation of these surface
NH, species results in NO formation, as indicated by a
broad shoulder at ~401.3 eV [Fig. SS'(b)].27’32 However, the
unchanged nature of peak at ~398.4eV corresponding to
B-N after ambient exposure [Fig. S3(b)],%” as well as the
unchanged B 1s feature [Fig. 8(a)], demonstrates that expo-
sure to ambient leaves the BN framework intact.

The consistency of the B 1s spectrum upon ambient expo-
sure [Fig. 8(a)] and the lack of broadening in the O 1s spectrum
would indicate hydroxylation or boric acid formation.
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Figure 8(b) also demonstrates that reaction with ambient is
confined to NH, sites at the BN surface. The BN film suc-
cessfully passivates the boron oxide substrate from mois-
ture contamination under these atmospheric conditions.
The results in Figs. 7(a)-7(d) and 8(a)-8(c) demonstrate
that ~13+0.2 A of BN is sufficient to passivate B,O; films
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deposited on Si from moisture contamination, and the films
were also found to be stable at temperatures close to those
used for doping applications. These results, therefore, indi-
cate that BN acts as an excellent capping barrier for B,Oj3.

E. Thermal and ambient stability of BN/B-Si-oxide

The thermal stability of BN/B-Si-oxide heterostructures
was examined by annealing the films in UHV to 1000 K for
1 h. The XPS spectra of B 1s and Cl 2p regions after BN cap
deposition on B-Si-oxide followed by a UHV anneal to
~1000 K are shown in Fig. 9(a). The corresponding O 1s, Si
2p, and N 1s spectra are displayed in Figs. 9(b)-9(d), respec-
tively. Figure 9(a) shows no significant change in the inten-
sity of B s region after the anneal. However, the residual Cl
was removed from the BN film, which also resulted in a
slight shift in the binding energy of the B 1s feature from
190.9 to 191.3eV. This observation is consistent with the
breaking of B—Cl bonds,* and the binding energy of B 1s
after the anneal corresponds to B-N species.'”™"” Figure 9(d)
also shows a slight intensity decrease in the N 1s region cor-
responding to some loss of BN during the anneal process.
Figures 9(b) and 9(c) demonstrate a slight increase in the
intensity of O 1s and Si 2p regions corresponding to Cl
removal from the BN film.

The ambient stability of BN-capped B-Si-oxide films was
examined by exposing the samples to atmosphere at room tem-
perature for ~5 min. The corresponding XPS data of the B s,
O 1Is, and N 1s regions are displayed in Figs. 10(a)-10(c),
respectively. The B 1s feature in Fig. 10(a) showed no signifi-
cant shift to higher binding energy to suggest oxidation or
hydroxylation upon ambient exposure. Figure 10(b) indicates a
significant increase in O 1s intensity at ~532eV. Figure 10(c)
shows attenuation in the N 1s intensity upon ambient exposure
and a narrowing of the N 1s feature toward lower binding ener-
gies. These changes are similar to those observed upon the
exposure of BN/B,05/Si films to ambient [Fig. 8(c)].

The changes in O Is and N 1s intensities evident in
Figs. 10(b) and 10(c) can be understood by the deconvolu-
tion of N 1s spectrum before and after ambient exposure
[Figs. S4(a) and S4(b) of the supplementary material],”’
which are similar to those observed upon ambient expo-
sure of BN/B,O5 [Fig. 8(c) and Figs. S4(a) and S4(b)].>’
The N1s spectrum prior to ambient exposure can again be
deconvoluted into components centered at ~397.0eV cor-
responding to N-B (Refs. 15-17) and at ~398.0eV corre-
sponding to N-H (Ref. 33) bonding environments, as
shown in Fig. S4(a).27 The N 1s spectrum after ambient
exposure [Fig. S4(b)]*” is again well fit by a decrease in
the intensity of the NH, feature and the addition of a small
shoulder at 400.1 eV corresponding to N-O bond forma-
tion.>* The B-N component at a lower binding energy of
397.0eV again remains unchanged upon exposure [Figs.
S4(a) and S4(b)],” indicating that the BN framework
remains intact with some oxidation at the surface NH,
species. This interpretation is also consistent with the lack
of change in the B Is peak binding energy or width upon
ambient exposure [Fig. 10(a)].
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The data in Figs. 10(a)-10(c) and Figs. S3(a) and S3(b)*’
indicate that ambient exposure results in some oxidation at
N sites—attributable to the reaction of surface NH, groups—
but that no hydroxylation or boric acid formation is observed
at B sites. These data, therefore, demonstrate that ~12.8 +0.2 A
of BN is sufficient to passivate ~7.8+0.2A B-Si-oxide
films from moisture contamination during a brief room tem-
perature exposure to ambient.

IV. DISCUSSION

The loss of B>O5 upon the reaction of B,03/Si with BCl5/
NHj; occurs only during the first BCl3/NHj; cycle [Figs. 3(a)
and 5(d)], but no such loss is observed on B-Si-oxide films.
This result is consistent with the findings of Basu et al., who
observed partial conversion of B,Oj3 films to BN by reaction
with NH; over a range of temperatures up to ~1573 K.*°
That study determined that the maximum amount of B,0;
converted to BN was between 64% and 66% at temperatures
>1223 K, which in good agreement with our data indicat-
ing that ~54% of B,O; was converted to BN (Figs. 3-5).
Another study by Ferguson et al. established the removal of
surface hydroxyl groups on ZrO, after the first BCl; expo-
sure during BN ALD.'? These studies and our own results
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strongly suggest that further loss of B,Oj3 is limited by the
formation of a continuous BN overlayer.

Since the dopant concentration is dependent on the thickness
of the B,O; layer, a much thicker initial B,O5 film than those
used in this study is typically required to achieve the desired
dopant concentration."* Our results indicate that the limited loss
of B,03, about 13 +1 A film thickness, may well be acceptable
in the development of BN as a practical passivation barrier.

The data presented in Fig. 6 also indicate that BCl3/NHj;
reaction cycles at 600 K did not cause a reaction of the
B-Si-oxide. Kim et al. concluded that such mixed oxide
films are suitable for RTA procedures.” The data presented
here show that such B-Si-oxide films deposited on SiO,
using BCl3/O; cycles at 650 K are both thermally stable to
~1000 K in UHV and chemically stable toward NH; expo-
sures at ~600 K.

Previous studies have explored the use of various oxides,
including ALO:,"® Sb,0s5,>* or Si0,,>7 as B,Os passivation
barriers. These barriers have shown inability to passivate the
surface against moisture contamination. Al,O3 capping barrier
showed signs of cracking at temperatures >673 K.° Sb,Os is
also volatile at elevated temperatures and hence is unsuitable
for RTA experiments.* These caps also failed to passivate the
underlying B,O; films from moisture contamination resulting
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in boric acid formation.>® Both Al,O; and SiO, form mixed
oxides with B,O5 during cap deposition.* This results in a loss
of control over dopant source layer thickness, which, in turn,
affects B dopant concentration. B dopants are also known to
diffuse into the SiO, sidewall spacers at RTA temperatures,
resulting in a loss of B dosage.’
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The data presented here demonstrate the feasibility of BN
film deposition on either B,O3 or B-Si-oxide substrates and
also indicate the potential suitability of even very thin (~13 +
0.2 A thick) BN films as passivation barriers against brief
exposures to ambient at room temperature. BN as a
capping barrier may prevent upward boron diffusion into
the cap at elevated temperatures, thus preventing the loss
of dopant concentration.

V. SUMMARY AND CONCLUSIONS

Stoichiometric BN films have been deposited by sequential
BCI;3/NH; reactions at 600 K on B,Oj5 films deposited on Si
and on B-Si-oxide films formed by BCl3/O, reactions with
SiO, at elevated temperatures. The data show that BN growth
on a 25.6+ 1.4 A thick B,O; film results in the consumption
of about 13+ 1 A of B,O; during the first BCl3/NHj; cycle but
with no further B,O5; consumption during subsequent cycles.
BN growth on B-Si-oxide films resulted in no significant reac-
tion with or consumption of the substrate.

BN overlayers of ~13+02A thick on both types of
oxide substrates remained stable upon annealing to 1000 K
in UHV. Brief (~5 min) exposures to ambient at room tem-
perature yielded some oxidation of the BN film at surface
NH, sites, but without observable reaction at the B sites cor-
responding to the boron nitride overlayer or the boron oxide
substrate layer. The data presented here, therefore, demon-
strate that ultrathin BN films deposited by BCl3/NH; ALD
are promising candidates for passivation of boron oxide used
in shallow doping applications.
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