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ABSTRACT

As previously demonstrated non-diamond carbon (NDC) films deposited at low
temperatures 200-300 °C on silicon tips reduced the threshold of field emission. In this paper we
will present the results of the study of field emission from flat NDC films prepared by VHF
CVD. Emission measurements were performed in a diode configuration at approximately 107°
Torr. NDC films were deposited on ceramic and on c-Si substrates sputter coated with layers of
Ti, Cu, Ni and Pt. The back contact material influences the emission characteristics but not as a

direct correlation to work function. A model of field emission from metal-NDC film structures
will be discussed.

INTRODUCTION

The mechanism of enhanced electron field emission in CVD diamond and diamond like
carbon (DLC) films remains unclear. Low or negative electron affinity (NEA) has been proven
for such films [1] and is widely conjectured to be important for their field emission, but this
hardly explains recent experimental evidence that electrons are emitted easily even from
graphite. In diamond, as observed by Geis et al. [2], the main barrier controlling emission is at
the back contact. In DLC films, however, the principal barrier to electron emission is at the front
surface [3]. Back contacts were also discussed in ref. [4]. In tetrahedrally bonded amorphous
carbon (ta-C), no direct dependence of field emission on work function of the back contact
material was observed [5]. In our previous studies [6,7] we observed a significant effect of pre-
growth treatment of the back contact on electron field emission from both silicon tips coated by
NDC and from flat NDC films. This suggests that the interface between the back contact and the
NDC film is important. Thus, the role of the back contact is controversial and seems to depend
on the type of sample. This precludes a universal model for the various carbon films.

In this paper we have studied the effect of back contact material on field emission from a
particular type of amorphous non-diamond carbon films (a-CHy) prepared by very high frequency
CVD (VHF CVD) at relatively low temperatures (< 250 °C). These films were simultaneously
deposited on various substrates of mono-crystalline silicon (Si) and ceramic (Sital) coated by
metals of different work function. Si-C films are also briefly described.

EXPERIMENTAL

Carbon films were grown at 2 Angstroms per second by VHF CVD using 7% CgHy4+ 93%
H ata pressure of 56 mTorr and a flow of 27 sccm. The loaded power density of the discharge
was 0.14 W/cm® at 56 MHz. The substrates were p- and n-type silicon and Sital coated by metal



layers. The thickness of the carbon films was about d = 1 pm and controlled in situ by laser
interferometry. Pre-growth treatment involved exposure to hydrogen plasma followed by bias
enhanced nucleation in 7% CgHj4+93% H, plasma. Metal layers of 0.2 pm thickness were
prepared by DC sputtering from elements of various work function (Ti, Cu, Ni, or Pt). Carbon
films were simultaneously deposited on different substrates. Films were characterized by SEM,
AFM, AES, and EELS. The latter two techniques rule out significant diamond content in these
films. In particular, the C KLL peak at 273 eV is shifted from graphite (270 eV) in the opposite
direction of diamond. EELS in the K-level ionization regime (280-296 €V) and in the valence
band and plasmon excitation regime (5-40 eV) showed no diamond character.

Field emission was performed at 10 Torr in a diode configuration using a 45 pum spacer
and 1 cm” samples. Emission current, I, was collected in a window of area A = 2x5 mm? giving a
current density, J = I/A. Electric field, E, was calculated as applied voltage divided by cathode-
anode distance. Secondary electron emission yield (8) was mapped by a scanning primary
electron beam technique before and after field emission measurements. All measurements
reported here are from samples without surface damage from micro-discharges.

RESULTS AND DISCUSSION

Even if one assumes that the back contact barrier controls emission current, it is difficult to
predict which particular factor dominates. There are at least 3 groups of factors: a) work function
of metal, b) interfacial layers (metal oxides, carbides, oxy-carbides etc.), which can be modified
by carbon film pre-growth treatments, and ¢) morphology of the metal surface.

Fig. 1 shows J(E) curves for carbon films deposited on n- and p-type Si and Sital coated by
Ti(@=3.95V),Ni(p=45V), Cu(p=44V),orPt(p=532V). Work function values, ¢,
were taken from ref.[8]. The J(E) curves for the various samples vary due to the material of the
back contact. In the case of Si substrates, emission from n-type arose at considerably lower field
than from p-type. If we define the threshold field, Eq, as that field at which I = 10'8A/cm2, En=
1.5 V/um for n-Si substrates, but 4 V/um for p-Si. This behavior can be understood if the back
contact controls emission current: electrons moving from the contact to the carbon layer would
«see» a lower and thinner tunneling barrier for n-Si. The films were highly resistive «in-plane»
(10" ohm-cm) but several orders of magnitude lower in the perpendicular direction, presumably
due to vertical pores seen in SEM. They were sufficiently conducting to preclude charging effects
during electron beam measurements. Their high resistivity should not influence Ey, because of
the low current at threshold. At high current, the film’s resistivity may reduce emission although
resistivity of the substrates remains negligible.

Milne et al.[5] studied ta-C films deposited on doped silicon but found no difference in
threshold field for the samples on n- and p-Si substrates Eg ~ 8 V/um, where By, is the field
producing a current density J = 1 pA/cm?. To further pursue the effect of substrate on the
threshold field, we prepared silicon-carbon films from 4.5%SiH; + 2.5%C¢Hs + 93%H,
mixtures (other deposition parameters were the same as for the NDC films) on n- and p-Si
substrates and on Sital coated by Ti. The silicon-carbon layer was deposited simultaneously on
all the substrates. J(E) characteristics, as seen in Fig. 2, clearly show Ey, (Ti-contact) < Ey, (n-Si
contact) < Egy (p-Si contact). Thus, the Fermi level position significantly influenced the field
electron emission in the low field region for our carbon-silicon films as well as our NDC films.
It should be noted that J(E) curves in the films studied could be rather well fitted by the power
law J oc E* where a=2-4 (Figs 1b, 2b) as previously observed [7]. Even lower Ey, was observed



J, Alem® ‘ J, Alem?

044
07
*N
KA 0%
07 1
0"‘-;
_9-
L Y I / _ b)
60 2 4 6 8§ 10 12 14 05 1 2 4 6 810
E, V/pm E, V/ium

Fig. 1: Emission current density versus field in semilog () and log-log (b) scales for carbon
film (process C214) on different substrates: 1:Ti; 22:Ni; 3:Pt; 4:n-Si; 5:Cu; 6: p-Si.
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Fig. 2: Emission current density versus field in semilog (a) and log-log (b) scales for silicon-
carbon layer (process SiC-209) on different substrates: 1) Ti on Sital, 2) n-Si and 3) p-Si



with some metals (Ti, Ni, Pt), figure 1. But the behavior of the samples with different metals was
unexpectedly complicated. No direct correlation between work function and threshold field was
observed (e.g. the sample with the Pt.contact demonstrated a rather low threshold, practically the
same as that with the Ni contact, despite their difference in work functions). AES and EELS
showed that the carbon films had the same composition on the various substrates.

The lack of direct correlation between work function and threshold field, led us to study the
microstructure of the metal films by scanning electron microscopy (SEM). Micrographs were
taken for metal layers before and after carbon film deposition and varied from «grainless» Pt to
large grained (about 200-500 nm) Cu. Copper diffused through the carbon film. Carbon layers
deposited on the metal layers reproduced the underlying metal microstructure. Some examples of
SEM photographs for carbon films on different metal layers are shown in Fig. 3. The
microstructure varied widely for the various films despite similar metal deposition regimes and
carbon coating of these metal layers in a single run. The differing grain size of these metal layers
suggested different substrate surface morphology and this was born out by Atomic Force
Microscopy (AFM).

To understand the effect of roughness, a special kind of sample was prepared: on Sital and
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Fig.3 SEM micrographs of carbon layers on different metal deposited on Sital substrate as back
contact: a) -Pt, b)- Nj, ¢) -Cu.




silicon substrates, copper films were deposited as before and were then coated by a thin Ti layer.
It is known that such a Ti layer reproduces rather well the structure of the underlying
morphology. Thus, we were able to fabricate back layers of Cu and Ti with similar roughness.
Additionally, Ti does not diffuse well into carbon films. Samples with Ti layers deposited
directly (i.e. without copper) onto different portions of the same substrates have been fabricated
to be used as references. Field emission measurements from these samples are now ongoing and
results will be reported later.

The mechanism of electron field emission from the samples studied must involve electron
injection from the back contact into the carbon film, then transport of electrons through the
carbon layer, and finally electron escape into the vacuum. We believe injection of electrons from
the back contact is the "bottle neck" among this series of processes at least at low field.

SUMMARY AND CONCLUSIONS

Electron field emission from hydrogen containing carbon films deposited by VHF CVD
has been studied. The substrates were silicon and Sital coated by different metals. An effect of
the back contact material on emission current vs field characteristics has been observed for these
films as well as for silicon carbon films deposited by similar means. Lower threshold field was
observed in the carbon films deposited on n-Si, Pt or Ni contacts than for p-Si. However, direct
correlation to the work function of the back contact metal was not found presumably because of
geometrical effects for the metals, as observed by SEM and AFM. These aspects of
microstructure and surface morphology need more detailed study. We suggest that a proper
model of electron field emission should predict a power law description in the low field region.
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