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The interactions of low-energ§20—800 eV nitrogen ions with C(L0O0) at room temperature have

been investigated by using temperature programmed desor{XP®D) mass spectrometry and
high-resolution electron energy loss spectroscopy. The desorption feature observed at 760 K can be
attributed to adsorption of surface atomic nitrogen on fourfold-hollow sites. When the impact
energy(IE) of the nitrogen ions used for the irradiation exceeded 75 eV, our TPD results further
revealed a new desorption feature at 520 K, which can be tentatively assigned to ion-implanted
atomic and/or molecular nitrogen. The intensities and temperatures of the desorption maxima of the
surface(chemisorptionand ion-implantatiorientrapmentfeatures were found to greatly depend on

the IE and the dosage of the ions. Other effects including the creation of defect sites as a result of
the ion irradiation are also investigated. ¥98 American Vacuum Society.
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Given its enormous technological importance, the formathe IE changes from 30 eV to 1000 eV. Furthermore, the
tion of a nitride film on metal and semiconductor surfacesentrapmentimplantation effect also becomes more evident
continues to attract great interest in surface sciéricethe  at a higher IE. When a reactive gas is used as the source of
case of a “generic”’ unreactive metal surface such aghe ion, the activation of surface reactions also plays an im-
Cu(100), it is well known that molecular chemisorption of portant role in determining the resulting surface properties.
N, does not occur at room temperatufeT). Furthermore, Indeed, in practical applications such as ion- or plasma-
although dissociative adsorption of, dn Cu100 has not assisted thin-film depositioff, reaction activation and sput-
been observed at R it has been shown to occur readily if tering are believed to introduce competing results. In the
activated by electron irradiatich® The resulting €2x2) N present work, we investigate the interactions of low-energy
overlayer on C(L00) was found to be extremely stable, up to N; and N ions with C{100 by using temperature pro-
770 K> Studies by Mohamed and Kesmodel using high-grammed desorptioffiTPD) mass spectrometry and high-
resolution electron energy loss spectroscOB§ELS) further  resolution EELS. We show that “surface” nitrogen atoms
revealed that the Cu—N stretching vibrations in the perpenthat form a €2x2) overlayer on C(L00 coexist with
dicular and parallel modes for N adsorbed on a fourfold-“entrapped” nitrogen species(that arise from N or
hollow site occur at 324 cthand 750 cri¥, respectively. N, implantation in the sub-surface region when the IE is
The bond length of the Cu—N bond has been determined tgreater than 75 eV. Of particular interest is the dependence
be 1.84 A in an extended electron energy loss fine structuref their relative concentrations on different experimental
study’ conditions(including, in particular, the IE and the ion dos-

In addition to electron-activated surface processes, lowage used for the ion irradiation. Finally, the effects of radia-
energy ion-activated surface reactions are also found to béon damage on the formation of the surface and entrapped
effective in generating new surface spedidsor instance, Nitrogen species are also investigated.

Heskettet al® showed that the adsorption of atomic nitrogen  The experiments were conducted in a triple-level ultra-
on the (110 plane of Cu could be obtained by ion irradia- high vacuum(UHV) chamber(base pressure<8x 10~
tion. The interactions of an ion beam with a solid surfaceTorr, equipped with an iofsputtering gun, a four-grid
have been studied extensively in the context of ionretarding-field optics for low-energy electron diffraction
scattering®'*and ion beam processiigThe prominent ef- (LEED) and Auger electron spectroscopic analyses, and a
fects of the interactions appear to greatly depend on the iml—300 a.m.u. quadrupole mass spectrom@S) for TPD
pact energy(IE) of the ion. According to studies of the in- Studies.® The EELS spectra were obtained at an IE of 4 eV
teractions of rare-gas ions with a solid surfate, in a specular reflection geometfy5° from the surface nor-
backscattering is generally believed to be the predominarifa) using a home-built angle-resolved EELS spectrometer
. .. H ,16 ;
process for an IE below 30 eV, while radiation damage andiescribed elsewher€:°The Cu100 sample(9.5 mm diam-
other sputtering effects become increasingly important whe§ter><2 mm thick at 99.999% purity was obtained commer-
cially from Monocrystals Company. The sample was cleaned

dauthor to whom correspondence should be addressed. Electronic maiPy repeated CyCl?S .Of ArSpUtt_ering[at 5(_)0 eV(IE) and 10
tong@uwaterloo.ca mA (electron emission currenin an ambient Ar pressure of
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2X107° Torr for 30 min] and annealing to 800 K, until a LI L SR B B
sharp(1x 1) LEED pattern and no detectable Auger peaks Cu(100)
attributable to the common impuritigsuch as C, O and)S - sputteredin 12 kL N,
were obtained. The sample could be heated to 900 K using a
boron nitride heater in contact with the backside of the sub-
strate (with a 0.05-mm-thick Ta foil placed between the
heater and the Cu sampleThe surface temperature of the
sample was monitored by a type-K thermocoufteechani-
cally fastened to the front surface of the sampéean abso-
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B (h) 800 ]
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lute accuracy of+20 K. During the TPD experiments, the N (€)200 |
front face of the crystal was positioned less than 0.5 mm M
from an orifice that provided the only entrance to a differen- B (€60 7]

Relative Intensity of Mass 28

tially pumped chamber that housed the QMS. Such an ar-
rangement was found to be effective in reducing the back- (b) 40
ground and preventing desorbed species in the surroundings [

(a) 20 eV

from entering the ionizer regioff the QMS. The tempera- = -
ture was varied at a linear heating rate of 1 K/s with a pre- T T
cision better than-1 K. 300 400 500 600 700 800 900

Unless stated otherwise, the ion irradiation experiments Temperature (K)
were performed at RT with the sample positioned at 5 cm
from the front face of the ion gun. The direction of the ion FiG. 1. Temperature programmed desorption profiles of the pareritriass
: : : 8) of N, for Cu(100) ion irradiated with 12 kL of N at an impact energy of
beam is perpgndlcular t_o the sample surfaE:Ge. The ion gu 1) 20, (b) 40, (c) 60, () 100, (e) 200, (f) 300, (g) 500. and(h) 800 eV.
was operated in a Nambient pressure 0fX410™° Torr with

a typical ion flux of ~10 nA/mnt. The IE of the ion beam  o\/ | would suggest a zeroth-order desorption kinetics pro-
could be controlled by adjusting a floating voltage applied orqgs contrary to the second-order kinetics expected for re-

the sample with respect to a pre-selected beam voltage of the,npinative desorptiot? A plausible explanation is that the
ion gun. Nitrogen gas at 99.9% purity was purchased fromyiaaqy-state approximation may not be applicable in the
Matheson and used without further purification. All expo- present case and that the observed desorption process in-
sures were performed using a variable leak valve, with thggyes a coverage-dependent activation end?gybove 100
pressure monitored by an uncalibrated ionization gauge. Unsy, IE, a second desorption peak appeared @bwer) tem-
like electron-activated adsorptidfi,where contribution from perature of 510 KFig. 1(e)]. As the IE was increased, this
neutral nitrogen atoms is important, the species that coulghyer temperature feature became more intense and its de-
reach the sample in the present sputtering setup are predor@iorption maximum shifted to a higher temperature, which
nantly positive ions(N* or N, ). Furthermore, because the provided support for the hypothesis that a higher effective
ionization cross section for Nis much larger than that for jon dosage and deeper implantation could be achieved with
N*,*" the impact dissociation of Nupon collision with the  jrradiation at a higher IE. In contrast, the intensity of the
surface may play an important role in the production anchigher temperature desorption feature appeared to level off
subsequent chemisorption of atomic nitrodéf. when the IE was above 200 €igs. Xe)—1(h)]. Further-
Figure 1 shows the TPD profiles of mass 28 for 4100  more, the higher temperature peak was found to be broad-
sample after ion irradiation with 12 K[1 kL (kiloLangmuin  ened with increasing IE and become a double-peak band
=1000 L; 1 L(Langmuij=1x10"°Torr s] of Nat RTas a above 200 eV IE, lending support for the onset of adsorption
function of IE. Mass 28 corresponds to the parent ion ofpf atomic nitrogen on the less stable sites after t{#<Q)
N, which came from recombinative desorption of N ad-sites were saturated. These “less stable” sites may include
sorbed on the surface because no evidence for the adsorptigdsorption sites related to surface defects.
of N, has been found.The desorption maximum at 680 K For IE below 200 eV, the corresponding samplEgys.
for 20 eV IE[Fig. 1(a)] was found to shift gradually to a 1(a)—1(d)] exhibited a diffused @Xx 2) LEED pattern. The
higher temperature of 760 K when the IE was increased tQ EED pattern became a diffusédx 1) pattern at 200—500
200 eV[Fig. 1(e)]. Further increase in the IE to 800 eV did eV IE [Figs. 1e)—1(g)] and totally disordered above 500 eV
not affect the position of the desorption maximufigs. IE [Fig. 1(h)]. The gradual degradation in the sharpness of
1(f)-1(h)]. It should be noted that the IE used for the ionthe observed LEED spots with increasing IE was consistent
irradiation is directly related to the effective coverage be-with the increase in surface damage caused by ion irradia-
cause a higher ion deposition rate can be obtained at a highton. Upon annealing the samples to 600 K for 10 min, the
IE. This coverage-dependent shift of the desorption maxiLEED patterns of the samples prepared with different IEs
mum [Figs. Xa)—-1(e)] was confirmed by a similar shift to a [Figs. @-1(h)] all reverted back to a sharg2x 2) pattern
higher temperature found for a sample prepared with abserved previously® The “sharpest” ¢2x 2) LEED pat-
longer irradiation time at 20 eV IEhot shown. The shiftin  tern obtained after the 600 K anneal was found for the
the desorption maximum to a higher temperature below 208ample prepared with an IE between 100 eV and 200 eV,
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surface to enhance the signals in our EELS experiments. On
Cu(100) the other hand, annealing the sample to 600 K would remove
sputtered in 12kL N, the nitrogen associated with the lower temperature desorp-
at 200 eV tion feature[Fig. 1(e)]. All four EELS spectra in Fig. 2 de-
— i°oftspecular pict a prominent vibrational feature at 316 chmwhich has
— — specular been previously assigned to a Cu—N stretch in the perpen-
dicular mode by Mohamed and KesmofleAn additional
weak feature at 752 cnt can also be discerned in the off-
specular spectra in Fig. 2. In accord with the dipole selection
rules for surface electron scatterfbg@nd with the previous
work? this feature is attributed to the parallel modes of the
Cu—N stretching vibration. Evidently, there is no notable dif-
ference(between the specular spectra and between the off-
specular onesfor the sample after annealing to the two dif-
ferent temperatures. The changes in the relative peak
intensities are likely caused by differences in the surface re-
wwwwwww flectivity as a result of the different annealing temperatures.
P T PSS T RS Because vibrational EELS is a surface-sensitive technique,
0 1000 2000 the lack of any substantial difference between the EELS
Energy Loss (cm™) spectra for the 370 K and 600 K anneals suggests that the
o S lower temperature desorption feature~a620 K [Fig. 1(e)]
\'/:vli(tsh i'z \k/'ng?t,'\E”;'aﬂ?ﬁf;‘;’lﬁ:ﬁé?gy'g?;ongf/tgIlfgvrv(g%y'c;:;ﬁﬁ:g does not correspond to a new chemisorption state. The lower
370 K and(b) 600 K, recorded in the speculddashed linesand 10°  temperature desorption band may therefore be due to implan-
off-specular(solid line9 directions. tation of N* or N into the sub-surface region during the ion
irradiation process. This hypothesis is also supported by the
fact that the desorption intensity of the lower temperature
desorption feature increases with increasing IE, in contrast to
that of the higher temperature featufgg. 1). Furthermore,
#]\e implanted nitrogen species were likely dominated by the
atomic form rather than the molecular form, because the IE

for 10 min, the LEED pattern changed from @k 2) pattern employed was sufficiently high to overcome the dissociation

[corresponding to N/QQ0O] to a sharp(1x 1) pattern[cor-  SN€Ty of N (9.8 eV). The different extent_of implantation
responding to clean GLOO]. Evidently, the €2x 2) LEED in the sub-surface region as a result of different IEs would

pattern corresponds only to the higher temperature desorfgad t0 a zero-order desorption kinetics for the entrapped

tion feature observed above 600 K. A similar desorption pro_specie§,9 which is consistent with the observed shift of the

file with two desorption peaks has also been reported byPWer temperature desorption peak to a higher temperature
Heskettet al? for a C(110 surface bombarded with a ni- Shown in Figs. le)—-1(h). Finally, in accord with the conclu-
trogen ion beam at 200 eV. In particular,(2x3) LEED sion made by Tibbettspur EELS results also do not reveal
pattern was attributed to the corresponding higher temperdny features that could be attributed to molecularly adsorbed
ture desorption feature of the nitrogen overlayer while nohitrogen species, which were previously proposed by Lee
assignment was given for the lower-temperature desorptioAnd Farnswortfi,
feature® Figure 3 shows the effects of ion dosage on the TPD
In order to determine whether the lower temperature deProfiles at a fixed IE of 200 eV. At this IE, the higher tem-
sorption band was caused by a different chemisorption staeerature desorption featuseorresponding to atomic nitro-
or by entrapment of N or N, during ion irradiation, we gen chemisorptioncould be observed at a relatively low ion
performed EELS experiments on a typical sample reported iflosage[Fig. 3@]. The intensity of this higher temperature
Fig. 1. Figure 2 shows the EELS spectra, recorded in botfieature became saturated at higher dosgigs. 3b)-3(c)],
the specular and 10° off-specular geometries, for 400  in contrast to that of the lower temperature feat(zerre-
surface ion-irradiated with 12 kL of Nat 200 eV IE for two  sponding to nitrogen implantatipnwhich continued to in-
different annealing temperatures. It should be noted that therease with increasing ion dosage. Moreover, the broadening
peak intensities of the energy loss features are relative onlgf the higher temperature desorption peak at a higher dosage
to the corresponding elastic peak in a single EELS spectrunglso lends support to the proposed adsorption of nitrogen on
and the elastic peaks in all the spectra have been normalizedher (e.g., surface defecsites after saturation of the four-
identically to one another. Since the desorption maximum ofold hollow sites.
the lower temperature feature occurs above 37QFg. When the IE was below 200 eV, the lower temperature
1(e)], annealing the sample to 370 K should only produce thalesorption peak could not be observéeg. 1), which is
effect of surface smoothing, resulting in a more “reflective” consistent with the notion that less energetic ions are less

(b) annealed to 600 K

Relative Intensity
1

(a) annealed to 370 K

indicating that there were more complet@x 2) domains on
the sample so prepared than those irradiated at a lower IE b
less radiation damage than those irradiated at a higher IE.
the samplegFigs. 1a)—1(h)] were further annealed to 800 K
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Fic. 3. Temperature programmed desorption profiles of the pareritriass
28) of N, for Cu(100) ion irradiated at an impact energy of 200 eV with

3 kL, (b) 12 kL, and(c) 36 kL of N,.

likely to implant into the bulk. However, if the ion dosage
was increased sufficiently by extending the irradiation time
the lower temperature desorption band could again be ob-
tained. Figure 4 shows the TPD results of(DR0) irradiated
with a higher nitrogen ion dosagdee., six times that used in
Fig. 1) for three typical IEs not exceeding 100 eV. Evidently,
a weak desorption peak at500 K could be observed in the

LI L L S B L L

Cu(100)
sputtered in 72 kL N,

Relative Intensity of Mass 28

(a) 50 eV

300 400 500 600 700 800

Temperature (K)

Fic. 4. Temperature programmed desorption profiles of the parertriass
28) of N, for Cu(100) ion irradiated with 72 kL of N at an impact energy of

(a) 50 eV, (b) 75 eV, and(c) 100 eV.
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Fic. 5. Temperature programmed desorption profiles of the pareriiiars
28) of N, for a clean C(00) surface ion irradiated with 36 kL of Nat an
impact energy ofa) 50 eV and(b) 200 eV, with(solid lineg and without
(dashed lingsAr* pre-sputtering at 500 eV.

TPD profiles for 75 eV and 100 eV but not in that for 50 eV,
Wwhich suggests that an upper bound of the minimum IE re-
quired for the implantation to occur is below 75 eV. Further-
more, the entrapment of nitrogen species did not appear to
affect the adsorption of atomic nitrogen that gave rise to the
c(2X 2) overlayer on CUL00. It apparently occurred only
after the adsorption of atomic nitrogen was nearly complete,
as depicted by the saturated intensity of the higher tempera-
ture desorption feature in Fig().

It is well known that ion irradiation at an IE above 30 eV
is sufficient to generate defect sites on a surf&@In order
to examine the effects of defects, we compare the desorption
of N, from an amorphous surfag¢ebtained by A¥ sputter-
ing a CY100 surface at 500 eV IEwith that from a clean
surface at two different IEs of the nitrogen iofBig. 5).
Evidently, there is no notable difference in the TPD profiles
between the AF pre-sputtered surface and the clear{1D)
surface for both 50 eVFig. 5a)] and 200 eV IHFig. 5b)].
If the lower temperature desorption band were due to nitro-
gen adsorbed on the defect sites of the surface, we would
expect stronger lower temperature desorption on thé Ar
pre-sputtered surface because of the high concentration of
defect sites. The lack of any discernible difference in the
TPD results between the two surfaces therefore provides
strong evidence for our previous assignment of the lower
temperature peak to implanted nitrogen species. In the case
of the chemisorbed nitrogefthe higher temperature desorp-
tion feature, the similarities observed for the two different
surface conditions suggest possible surface migration of N,
whereby the nitrogen atoms, initially adsorbed at different
sites of the amorphous surface with equal efficiency, under-
went surface diffusion into the more stable fourfold-hollow
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