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Abstract. Previous investigations of the low-energy (0-40 e V )  electron spectra of 
Ti and V nitrides have been extended to ZrN. The low-energy spectra of ZrN films 
prepared by nit-en ion implantation contain the corresponding feat- to those 
previously observed for TiN and VN. However, the ZrN spectrum is dominated by 
M extremely large feat- at about 3 eV, which has not been previously reported. 
The amplitude of this peak varies directly with the nitmgen concentration. The 
peak shape and intensity are sensitive to primary electron beam enemy in the range 
0.5 to 2.0 keV, but the peak position does not change. The strong dependence of 
the amplitude of this feature on physisoption of gas- and crystallorgraphic orient- 
tion suggest that this peak arises from stmctwe in the secondary electron spectrum 
induced by a surf- resonance. 

1. Introduction 

The transition metal nitrides form a series of interesting materials with interesting 
physical and chemical properties, and also important technological applications [l]. 
Previous work has reported on the low energy electron spectra of titanium and vana- 
dium nitrides in which the problem of the disappearance of the Auger transitions 
between 20 and 30 eV initiated by creation of a metal p vacancy [2,3] was explained 
by the identification of two new Auger transitions at  even lower energy, about 5 and 
15 eV, arising from N(2s) and M(3p) holes respectively [4]. 

The present work is our first report on the extension of these studies to the related 
zirconium nitride system. At first sight the results obtained bore striking similari- 
ties to those previously observed for Ti and V, particularly in the intensity pattern 
observed for the Zr(4p)Zr(4d)Zr(4d) and Zr(4p)N(2p)Zr(4d) transitions at  23 and 19 
eV. However, when looking for the comparable transitions to those observed in TiN 
and VN at still lower energies, our attention was drawn to a remarkably strong fea- 
ture, near 3 eV in the dN(E) /dE spectrum. The peculiar behaviour of this feature, 
including its sensitivity to gas adsorption and crystallographic orientation, will be the 
subject of this paper. 

2. Experimental methods 

A zone-refined zirconium rod was sliced into a sample disk 12 mm in diameter and 
1 mm thick, mechanically polished, finally with 1 pm diamond paste, solvent degreased 
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and transferred to ultra high vacuum. The sample was cleaned by alternate argon ion 
sputtering and annealing until no impurities could be detected by A D .  Sputtering w a s  
performed using a rastered 2 kV argon ion beam directed at 80 degrees to the surface 
normal, and using a standard argon pressure of 5 x torr, the ion beam current 
density, measured with a Faraday cup, was approximately 50 pA cm-’. 

Zirconium nitride films were prepared in situ by ion implantation of nitrogen ions 
with energies in the range of 3 to 5 kV. Previous experience with titanium and vana- 
dium nitrides prepared in this manner showed that this procedure produced films with 
a composition close to stoichiometric. 

Auger eiectron spectra were obtained in the derivative mode using a four-grid 
retarding potential electron energy analyser. The primary 2 kV, 25 pA electron beam 
of 0.1 mm diameter was directed normal to the sample surface. The spectra were 
acquired digitally and the spectrometer was controlled by a microcomputer. The low 
(0-50 eV) energy electron spectrum was measured with a modulation voltage of 1 V 
peak-tc-peak and a sweep resolution of 0.1 eV, taking eight samples at each energy. 
The nitrogen KLL, zirconium MNN and potential impurity Auger peaks, C, 0, S, P, 
etc, were measured with a sweep resolution of 0.5 eV and a modulation of 10 V p-p. 

Gas pressures arc reported as uncorrected nitrogen equivalent pressures mea- 
sured using a standard ion gauge. The  gas purity was monitored with a 1-200 amu 
quadrupole mass spectrometer. 
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3. Results 

3.1. Low energy elecimn spectra oJZrN and Zr 

The secondary electron spectra up t o  30 eV of ZrN and Zr excited by 2000 eV, 25 p A  
primary electron beam are shown in figure 1. When magnified fifty-fold, thc pure metal 
Zr(4p)Zr(4d)Zr(4d) Auger transition can be seen at  23 eV. This feature disappcars 
in the stoichiometric nitride, just as was previously observed in the nitriding of T i  
and V 12, 31. A small feature which would peak at  about 6 cV in the ZrN N ( E )  
spectrum is just discernible, and this feature must originate in the N(2s)N(Zp)Zr(4d) 
Auger process, where N(2p) represents the hybridized N(2p) and Zr(4d) feature in 
the valence band density of states of ZrN [5]. The equivalent feature in the spectra 
of TiN and V N  occurs a t  the same energy and has been discussed previously [4]. The 
present paper is concerned with the very large feature in the ZrN spectrum which has a 
minimum in the derivative spectrum close to 3 eV. This feature is so close to Lhe peak 
in the secondary electron distribution, just above the inflection point, that we will 
not attempt any background subtraction procedures in order to obtain the intensity 
in the N ( E )  mode. The intensity will be measured simply as the peak-tepeak height 
in the derivative spcctrum. Flowever, one could visualize the pure metal spectrum as 
satisfactorily approximating the secondary electron background for the ZrN spectrum, 
and the procedures which proved successful in our earlicr studies on VN [3] may be 
applicable, even at this extremely low energy. 

3.2. Dependence of the amplilude of lhe 3 el’fealure on ,n,ilmgen concentmtion 

A minimum requirement for the association of the large 3 e V  feature with the nitride 
structure is that i t  scale with the nitrogen content of the surface film. The stoichiom- 
etry of the nitride surface film was varied by argon ion sputtering. Ion beam induced 
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Figure 1. Derivative Auger spectra for Zr and ZrN 30 eV. 
The datsin theenergy interval 19lo29eV arealsodisplayed with theamplitudescale 
expanded by afactorof 50 toshow the'melal'Zr(4p)Zr(4d)Zr(4d) Auger transitional 
23 eV, and its ab-a in the nitride spectrum. Evidencc for the N(2s)VV transition 
previously observed in TiN and V N  [4] CM be seen near 6 eV. The prexnt work 
f o c ~ s e r o n i h e ~ e f e a t u r e i n  theZrN spectrum withamaximumnegativeexcursion 
at 3 cv. 

the enerw range 

processes such as ion beam mixing and radiation enhanced diffusion will lead to a hc- 
mogenization of the nitrogen content throughout the penetration depth of the 2 keV 
argon ion beam. In figure 2 the peak-to-peak amplitude of the 3 e V  feature is plotted 
against the amplitude of the nitrogen KLL peak at 384 eV, giving clear evidence that 
the intensity of the low energy feature is proportional to the nitrogen concentration. 
The non-linearity of the relationship should not be taken as significant since the s t e e p  
ness of the background for the low energy feature will guarantee that the intensity of 
this feature will be a non-linear function of the peak-bpeak  amplitude. 

N (384eV) Peak Height (.lo-') 
0 

~ 6 ~ " " ' " ' ' ' " ' ~ '  5 10 15 

Zr (23eV) Peok Heiclht (.lo-') 
Figure 2. The variation in peak to peak amplitude of the 3 eV feature seen in 
figure 1 with nitro- conantration. as measured by the N (KLL) peak he ih t ,  and 
with the oonoentration of unoccupied octahedral holeo, as meawed by the amplitude 
of the Zr 'metal' peak at  23 eV. 
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The intensity of the Zr(4p)Zr(4d)Zr(4d) Auger peak at 23 eV will be proportional 
to the number of unoccupied octahedral holes in the ZrN structure, by analogy with 
the behaviour of the equivalent MMM transitions in TiN and VN [2, 31. If the 3 eV 
feature is identified with the nitrogen content in the film, then its amplitude should 
decrease with the increase in the number of unoccupied holes in the structure. Thus 
the decrease in amplitude of the 3 eV peak with the increasing amplitude of the metal 
peak at 23 eV, shown in figure 2, is also consistent with the assignment of the 3 eV 
feature to the nitride, i.e. occupied octahedral holes. 

3.9. Dependence of ihe ampliiude of ihe 9 eV feature on argon gas pressure 

One unusual characteristic of the 3 eV peak in the secondary electron spectrum was the 
dependence of its magnitude on the argon gas pressure in the analysis chamber. This 
can be seen in figure 3, where the amplitude of the peak is plotted against the argon gas 
pressure for a cycle of increasing pressure from UHV to lo-* torr and then decreasing 
back to UHV. There are two notable features of these results. Firstly, the amplitude 
remains constant until about lom5 torr and then falls dramatically, and secondly, the 
behaviour is reversible. The explanation would seem to require a reversible physical 
adsorption of gas, and extreme surface sensitivity of the 3 eV feature. 

10.' 10'' 10" ( 0 ' .  10- l o - *  
ARGON GAS PRESSURE /TORR 

Figure 3. The change in the amplitude of the 3 eV feature with the pressure of 
argon gas in the UHV chamber. Data are shown with inwesing (0) and decreasing, 
(0) prclimre for a complete cycle f" UBV to IO-' torr to UBV. The solid and 
dashed curve8 M exponential fits to the data for increirsing and decreasing pnsure, 
respectively. The effect is reverrible. 

The Auger spectra were essentially unchanged during the cycle shown in figure 3, 
with the impurity peaks remainingat the noise level. The amount ofargon physisorbed 
at IO-' torr and 300 K should be entirely negligible, since even at 77 K, about 10 
degrees below the normal boiling point, a fractional coverage of only 0.01 has been 
reported on zirconium [6]. Calculations based on reasonable estimates of the enthapy 
of adsorption are consistent with this conclusion. The most likely explanation is that 
some minor impurity in the argon gas is physisorbing on the surface. Since no new 
features were detected in the Auger spectrum, we conclude that this adsorption is 
either extremely weak and therefore very efficient in eIiminating the ptocess leading 
to the 3 eV feature, or the adsorbate is hydrogen and therefore undetectable by AES. 
The reversibility of the effect does not exclude hydrogen adsorption as a possible 



Surface resonance in the very low-energy specirum of ZrN 521 1 

explanation, even though it is expected to chemisorb on the surface. It is known 
that hydrogen diffuses into zirconium even a t  room temperature [7], and therefore the 
surface concentration will be determined by a balance between the rates of adsorption, 
proportional to the gas pressure, and diffusion. Thus the reversibility of the effect can 
still be understood. An experiment to directly test the effect of hydrogen adsorption 
on the amplitude of the 3 eV feature, to be described in the following section, was 
complicated by the oxidation of the nitride surface. 

3.4. Egeci of hydrogen gas on the 3 eV feafure 

The variation in magnitude of the large feature in the low-energy secondary electron 
spectrum of ZrN with a cycle of increasing and decreasing H, pressure followed by 
a short AI ion sputter is shown in figure 4(b). In its initial stages, the result of this 
experiment s eem to confirm the proposal that adsorption of H, impurity in the system 
is responsible for the elimination of the 3 eV feature on increasing the Ar gas pressure. 
The peak height begins to decrease for H, pressures in the lo-' range, two orders of 
magnitude lower than observed with AI gas, and has fallen by a factor of 0.5 at a H, 
pressure of 4x torr. Thereafter, the peak height begins to increase with increasing 
€I, pressure. On reducing the H, gas pressure the 3 eV peak height increases even 
more rapidly, until at 6 x torr it has become eight times its initial value. Selected 
low energy electron spectra throughout this cycle are shown in figure 4(c), in which the 
initial surface is shown with a full line spectrum, and succeeding spectra are displayed 
with dashed lines of decreasing length. The final spectrum, at 6 x lo-' torr, can be 
seen to be so large as to dominate the low energy electron spectrum. The peak heights 
of the N and 0 KLL Auger peaks taken periodically during this cycle of increasing and 
decreasing H, pressure are shown in figure 4(a) and allow an interpretation of these 
surprising results. I t  can be seen that there is a steady decrease in the size of the 
nitrogen peak and a corresponding increase in that of oxygen. Presumably this occurs 
by the formation of water by the reaction of H, gas with oxide components of the UHV 
system, which then oxidizes the ZrN surface. The oxidized surface gives a much larger 
feature than the initial nitride, which is affected in the same way by adsorption of H, 
gas, and thus explaining the large increase in the amplitude of this feature on pumping 
out the H, gas. That the oxide is restricted to the surface region is suggested by the 
result of a brief AI ion sputter, which reduces the oxygen peak to near its background 
level and increases the amplitude of the nitrogen peak. 

5.5. Dependence of ihe 3 el/ feature on primary beam energy 

In the unlikely event that the 3 eV peak was a primary beam energy loss feature, or 
was a result ofsome artefact in the primary beam, such as elastic scattering of a minor 
low energy component in the primary beam caused by the scattering off an electrode in 
the electron gun, then the feature should show some dependence on the primary beam 
energy. Results for the dependence of the low energy peak characteristics on primary 
electron beam energy are shown in figure 5(a) and (b) for films with high and low 
nitrogen contents, respectively. In figure 5(a) spectra for beam energies of 2000 and 
500 eV are shown with the former scaled by 0.2 times to compensate for the increased 
beam current used. It can be seen that the lower the primary beam energy, and 
therefore the smaller the penetration depth and greater the fraction of the secondary 
electron flux produced at the surface, the larger is the low energy feature. This inverse 
relationship between the amplitude of the 3 eV feature and the primary beam energy 
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Figure 5. The effect of changes in primary electron beam energy on the 3 eV feature 
for nitride samples with (a) high, and ( b )  low nitrogen content. In (a) the 2000 V 
spectrum bar been scaled by a factor of 0.2 to compensate for the high- beam current 
used in this experiment. The spectra in ( b )  were all obtained with identical, 5 4, 
beam currents. The peak position is relatively insarsitivc to change in primary beam 
energy. but the intMsity increases with decreaing beam voltage. 

of the low energy secondary electron spectrum. 
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3.6. Dependence on crystal orientation 
The original Zr sample rod from which the sample disc was cut had been subjected 
to a high temperature anneal and thus, although polycrystalline, it was found to have 
large single crystal grains approximately 1 mm in size. This is larger than the diameter 
of the electron beam used and permits a crude determination of the effect of crystal 
orientation on the amplitude of the low energy feature. The variation in amplitude of 
the 3 eV feature at 1 mm intervals in a line scan across the Zr sample following nitrogen 
adsorption for 10 minutes at 300 K and 1 x torr is shown in figure S ( 0 ) .  There is a 
clear dependence of this amplitude on sample position and therefore, we conclude, on 
crystal orientation, since there was no variation in the N (KLL) amplitude or impurity 
level across the sample. Representative spectra with low and high peak heights are 
shown in figure S ( 0 )  and ( c ) .  In addition to the crystal orientation dependence, it 
should be noted that these results illustrate our observation that nitrogen adsorption, 
as well as nitrogen ion implantation, produce this characteristic low energy feature in 
the secondary electron specturm. 

P T Dawson et al 
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Figure 6. (a) The variation in amplitude of the 3 eV feature in a line scan -css a 
Zr sample with chemisorbed nilmen. Representative low enew clcctron spectra at 
4 and 8 mm are shown in (a) and (c )  respectively. 

4. Discussion 

The very strong feature observed with a maximum negative excursion in the derivative 
spectrum near 3 eV could have its origin in several processes. We will consider the 
following possible assignments for the feature: First to an Auger process, then to a 
work-function-shifted component in the secondary electron spectrum and, finally, to 
a surface-resonance-enhanced secondary electron emission process. 

There exists an Auger process which would produce electrons with a characteristic 
energy near 3 eV, namely the Zr(4p)N(2s)N(2p) transition, where N(2p) signifies the 
hybridized N(2p) and Zr(4d) feature in the valence band density of states. The energy 
of such electrons can be estimated in the usual way by the relation: 

E E E[Zr(4p)] - E[N(2s)] - E[N(2p)] - U, - 4 
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E E 8.0 -U, - 4 

where the following electron binding energies have been used; Zr(4p) = 29.7; 
N(2s) = 16.7; and N(2p) = 5.0 eV, [SI. This assignment would give good a g r e  
ment with the observed energy with reasonable values for the hole-hole interaction 
energy, CJefl, and collector work function, 4. It is also consistent with the dependence 
of the intensity of the signal on nitrogen concentration, and independence of the peak 
position on primary beam energy and the increase in magnitude observed with de- 
creased beam voltage, since in all cases the primary beam energy is greatly in excess 
of three times the Zr(4p) ionization energy. Furthermore, the fact that the signal is 
extremely large can perhaps be understood in view of the estimated escape depth of 50 
monolayers for such low energy electrons [9]. The characteristic properties which are 
at odds with this interpretation as an Auger feature are, firstly, the extreme sensitivity 
to weak reversible adsorption of either hydrogen or an undetectable concentration of 
some other impurity, and secondly, the strong dependence on crystal orientation. 

The observation that on oxidation, figure 4(c), or at low primary beam current, fig- 
ure 5(a), the strong feature can become a dominant component in the total secondary 
electron emission suggests that it is simply a varying fraction of the total secondary 
flux which has been shifted by the change in the work function of the surface. There 
are several problems with this model. Why is the peak position largely independent of 
composition when it is well known that the work function shift is a strong function of 
composition [7]? Since we always observe an unperturbed as well as a shifted peak in 
the electron energy distribution, one could argue that the nitrided or oxidized surfaces 
are distributed spatially as patches of constant work function which grow in area with 
increasing concentration. However, why does the peak appear at the same position 
for the oxidized surface as in the nitride when the work function changes are in the 
opposite directions for the two cases, + 0.6 eV for 0 and -0.15 eV for N [q? Why 
is the peak in the secondary electron distribution shifted to higher energies for the 
oxidized surface when the work function is actually increased? The dependence of the 
intensity, rather than position, on crystal orientation is also difficult to understand 
with this model, and, finally, why the extreme sensitivity to surface impurities? 

There are several studies reported in the literature which have features in common 
with the present observations, and provide some clues as to their interpretation. Seah 
[lo] in a study of the secondary electron spectrum from Cu, Ag and Au observed 
characteristic peaks close to 13 eV in the normal emission spectrum. For the case of 
Ag, the intensity of this feature was greater for Ag(l1l) single crystal film than for a 
polycrystalline sample, and model calculations led to the suggestion that this emission 
originated i;: the decay of a surface-related excited state. Models based on small angle 
inelastic scattering of the primary beam followed by elastic scattering, a diffracted 
inelastic peak, or based on the bulk band structure were found to be inconsistent 
with the experimental observations. Willis et al [ll] have observed the angle-resolved 
secondary electron emission normal to a W(110) crystal, and found that oxidation 
of the surface produced a new peak at 3 eV kinetic energy which was attributed to 
an adsorbate-induced surface resonance lying above the vacuum level. Feuerbacher 
and Fitton [12] have shown that the intrinsic surface state in the occupied density of 
states of W(100) at 0.4 eV below the Fermi level is extremely sensitive to adsorbed gas. 
Monitoring this state by UV photoemission spectroscopy they found that it completely 
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disappeared after an exposure to H, gas of 0.4 Langmuir, corresponding to a fraction of 
a monolayer coverage. There s e e m  every reason to believe that extrinsic, unoccupied, 
states would show a similar sensitivity to adsorbed gases. The energy of the adsorbate 
induced surface resonance required to account for the present observations on nitrided 
Zr should he located about 2 eV above the vacuum level and it may he possible to 
detect this state in electron energy loss spectra. A loss feature observed at 6.2 eV in 
ZrN [5] could arise from transitions from the Zr(4d) state, 0.35 eV below the Fermi 
energy, to the proposed unoccupied state. For comparison with the larger features 
observed for the oxidized surface, figure 4(c), Palacio ei a1 [13] have published EELS 
data  for clean and oxidized Zr. They observed energy loss peaks at 6.3 and 7.8 eV 
for the clean and oxidized surfaces respectively, which, given reasonable values for the 
work function of 4.5f0.5 eV, are consistent with the requirements of the model. The 
change in magnitude of the energy loss energy on oxidation is in agreement with the 
peak energy difference observed in figure 4(c). I t  is worth noting that in the published 
secondary electron emission spectra of Palacio ei a1 for the early stages of oxidation 
of Zr, we can see two features at the same energies as those observed in the present 
work, although the authors make no comment on their presence or origin. 

In conclusion, the strong dependence of the secondary electron features observed 
for both ZrN and its oxidized surface on crystal orientation and its sensitivity to 
reversible adsorption of gases, point to an origin in an adsorbate induced surface 
resonance lying just above the vacuum level. However, a contribution from other 
processes, such as those discussed earlier, cannot be ruled out. Further understanding 
of these processes must await angle-resolved studies on well characterized single crystal 
surfaces. 
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