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The behaviour of germanium on atomically clean niobium single crys-
tal planes has been studied by probe-hole field emission microscopy as well
as by means of the spectral analysis of field emission current fluctuations.
Variations of average work function, surface diffusion activation energies, and
slopes of the spectral density function with different coverages and substrate
temperatures are measured.

PACS numbers: 78.50.Ge

1. Introduction

Investigations of adsorption processes on metals are of considerable and long
standing interest for surface physics due to technological and academic importance
[1]; that is why essential attention is paid to information about thin films char-
acteristics, the initial stages of the growth, stability under ion bombardment, etc.
Investigation of such systems with unusual combination of materials is supposed
to be expedient [2, 3].

The purpose of this work is to study the emission properties of germa-
nium thin films on niobium surface, using field electron microscope of the Muller
probe-hole type. Moreover spectral analysis of the low frequency field emission
current fluctuations was used. The results obtained have been compared with
characteristics of Ge-W system [4, 5].
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2. Experimental

.Niobium field emitters used for the present study were prepared by elec-
trochemical etching in a 1 HF/9 HNO3 mixture of a 0.10 mm diameter Nb wire
(purity better than 99,9%) spotwelded to a 0.10 mm diameter W filament. The
emitters were cleaned by means of the following procedure which was found to be
reproducible and did not lead to excessive tip blunting: several cycles of heating to
1800 K in 10~8 Pa and subsequently flashing in ultra-high vacuum up to 2100 K.
A field emission image of a clean Nb tip is shown in Fig. 1. The observed pattern

Fig. 1. Field emission pattern of a clean Nb tip.

is in agreement with former observation [6].The disposition of some crystal faces
on the emitter has been indicated for the purpose of comparison.
The germanium evaporation source has been described previously [4, 5].
The source operation was controlled by radio-frequency mass spectrometer. After
- thorough degassing of the evaporation source a residual gas pressure was less than
108 Pa during the film deposition.
Work functions ¢ were determined from the variation of emission current I
- with applied voltage V and the Fowler-Nordheim equation

I=A-V?exp(~Bp*/V) 1)

where A is the pre-exponential term, and the constant B containing the field-
-voltage proportionality was determined from Fowler-Nordheim plots for a clean
Nb emitter using a value of 4.0 eV for the average work function. Work functions
- were also calculated using the Klein equation [7]

©Ge-N5 = Pb(Vaeonn/ Vi) ¥? C(®

where Vge-Nb, VNb, PGe-Nb, and @np are the voltages required to draw a given
total emission current 10~° A and the work functions of the Ge-covered and clean
Nb emitters, respectively. The applicability of this equation to determine ¢ was
established previously [8]. The thickness of Ge coverage was determined by the
time of evaporation source operation; the estimation of coverage # will be given
further. :
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All experiments were performed under oil-free ultra-high vacuum (UHV)
chamber containing 3-dimensional manipulator and air-lock system. Field electron
microscope with 1.0 mm probe hole and field-emission energy analyser were also
placed in it. ’

The spectral analysis of fluctuations (up to field emission current 10-13 A)
was carried out using a microcomputer system [9] in the frequency range 10-2-10%
Hz by the fast Fourier transformation algorithm [10]. All the measurements (field
emission noise spectra, current—voltage characteristics, field emission energy distri-
butions) and observation of field emission images were taken at room temperature.

3. Results and discussion

3.1. Work function of the field emitter surface

Unlike Ge-W system germanium adsorption on niobium surface results in a
decrease in the work function. Figure 2 illustrates a number of Fowler~-Nordheim
plots obtained for different Ge coverages at 300 K. Ge was deposited on the total
emitting surface simultaneously. Using Fowler-Nordheim data a plot of variation
of average work function (over the emitter surface) with the deposition time,
(i.e. with Ge coverage ¢(0)) was made (Fig. 3). It is clear that with increas-
ing coverage the work function decreased to a minimum ¢ge-nb = 3.5 % 0.05
eV followed by an increase, levelling out at about 3.55 eV. This behaviour was
found to be reproducible for a large number of experimental runs and 10 differ-
ent emitter tips. The corresponding coverage at ¢ge-nb = 3.5 €V was assumed
to be monoatomic layer. A control-experiment carried out for tungsten emitter
confirmed the well-known data on work function (¢ge-w = 5.1 % 0.05 eV [5])
and on total energy distribution of field emitted electrons for Ge-W system [4,
11]. It should be noted that the volume diffusion (penetration) of Ge atoms into
Nb emitter (which may be responsible for such an unusual dependence ¢()) is
considered as unlikely at room temperature, = - )

During the deposition germanium is primarily observed on the (111) and
(T11) planes of niobium emitter (Fig. 4a). With increasing Ge coverage the contri-
bution of the (111) and (T11) planes into total emission increases (Fig. 4b). Obser-
vation of the emission patterns with increasing coverage shows a rather granular
structure. Both an adsorption selectivity and a localized nucleation are observed
even for submonolayer coverage (¢ > 0.1). In the case of tungsten, cluster for-
mation does not take place even at monoatomic (or more) layer (Fig. 4c). Thus
adsorption of Ge on W is much more uniform than in the case of Ge on Nb.

Adsorption activity of niobium surface in relation to residual gases (N3, Ha,
CO, CO2) under ULV condition was lowered after being covered with a very thin
(¢ = 0.1) germanium film (Fig. 5). Such passivation of niobium surface as in case
of tungsten [12] may be explained by localized bond formation between substrate
atoms and adsorbed Ge atoms and their interaction with each other [13].
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Fig. 2. Fowler-Nordheim plots of (1) clean Nb emitter (pn» = 4.0 eV), (2) to (5) Ge
covered Nb: (2) 8 = 0.14, (3) 8 = 0.25, (4) 8 = 0.40, (5) 6 = 1.0.
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Fig. 3. * Plot of the variation of work function with coverage for Ge adsorption on Nb.
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Fig. 4. FEM patterns of niobium emitter after deposition of germanium at 300 K:
(a) 8 = 0.1, (b) 6 = 1.5; (c) ficld emission pattern of one monolayer of Ge deposited on

W at 300 K.
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Fig. 5. Change in total field emission current with time at constant anode voltage.
(1) clean Nb; (2) Ge deposited on Nb 8 = 0.1. Residual gas pressure 108 Pa.

3.2. Spectral densily functlions

Figure 6 shows the spectral density function S(f) of the current fluctuations
from the (124) plane of thermally smoothed tungsten field emitter (curve 1). It is
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clear that the S(f) curve in the frequency range 1-103 Hz is well approximated by
a 1/f" dependence, where the slope of the S(f) v = 1.3, and values of noise power
are in good agreement with values obtained in [14]. It should be noted that due to
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Fig. 6. Experimental spectral density functions of the field emission noise for the (124)
plane of tungsten with Ge-adsorption at room temperature: (1) zero coverage, the slope
is —1.3; (2) 9 = 1.0, the slope is —1.0. The probe current was 9.5 nA.

higher sensitivity of the measurement technique the flicker noise was observed in
our case at T' = 300 K also unlike the results received in [14]. Deposition of ger-
manium monolayer results in essential lowering of noise power level and its higher
stability (Fig. 6, curve 2); the slope of the spectral density function becomes equal
to- 1, which is in good agreement with tungsten surface passivation phenomena
[12] taking place under these conditions. The influence of germanium adsorption
on field emission current noise spectra of niobium is shown in Fig. 7, in which one
can observe some characteristic knee frequencies, position of which depend on Ge
coverage and on the emitter temperature (Fig. 8). This result confirms essential
contribution of mobile adatoms or clusters into the flicker noise formation. Thick
layers of germanium both on Nb and on W surfaces manifest similar behaviour
of noise spectra, which may be related with-appearance of bulk semiconductor
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Fig. 7. Experimental spectral density functions of the (111) plane of niobium with
germanium adsorption at room temperature: (1) clean Nb, (2) 6 =.0.14, (3) 6 = 0.25,
(4) 6 = 0.40, (5) 6 = 1.0. The probe current was 9.5 nA.

properties of adlayer (Fig. 7, curve 4) [15].

3.8. Spectral densily functions dependence on lemperalure

Field emission noise spectra of Ge—(111)Nb system obtained at some char-
acteristic temperatures and Ge coverage 6 = 0.1 (in this case the Nb surface
becomes passive and stable enough) are given in Fig. 8. At coverages 6 > 1.0
and temperature 7' > 300 K on the planes {111} of niobium emitter non-limited
surface diffusion takes place, which may be observed in field emission image. For
§ < 0.1 and T > 775 K surface diffusion in direction (111) — (112) is character-
ized by activation energy threshold @). Characteristic knee frequencies in Fig. 8
will belong to Arrhenius plot. Corresponding value @ determined from the data
of Fig. 7 and Fig. 8 was found to be equal to 0.74 4 0.05 e¢V. Suppose the main
mechanism of the flicker noise stems from diffusion of mobile atoms or clusters,
“noise activation energy” in these conditions will be close to the activation energy
* for surface diffusion. Relatively low value of @ confirms the presence of mobile Ge
adatoms on Nb surface. . /

In principle, such a behaviour of noise spectra can be described by the
Gesley-Swanson’s model of diffusive equilibrium density fluctuations [16], but in
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Fig. 8. Experimental spectral density functions of the (111) plane of niobium with Ge
submonolayer (§ = 0.1) at different emitter temperatures: (1) T = 775 K; (2) T = 850 K;
(3) T = 1125 K; (4) T = 300 K (for comparison). The probe current was 9.5 nA.

\

this case the use of a simpler Kleint’s model [17] seems more expedient. According
to the latter the low-frequency shoulder of the S(f) curve corresponds to the fre-
quency fi = Nvg, where N is the density of adsorption centres, v is the velocity of
diffusing (migrating) particle, g is the capture cross-section of migrating particle.
From f; and the slopes of the spectral density function for curves in Fig. 7 diffusion
coefficient D can be calculated using the relation D = fi/2(2 —7)N. In the range
0.1 < 6 < 1.0 the values of D were almost the same (at average D ~ 6 x 1013
cm?/s).

Visible thermodesorption of germanium from niobium surface was already
observed at T > 1150 K which indicates that the energy of adatom binding is less
than in the case of tungsten and confirms the tendency to cluster formation.

4, Summary

1. Anomalous character of the variation of work function with coverage (in
comparison with the Ge~W system) is observed. The field emission work function
for monolayer Ge film deposited on Nb at 300 K is found to be 3.5 eV.

9. Passivation of the Nb surface is observed after adsorption of more than
0.1 monolayer of Ge and is accompanied by essential reduction of field emission
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noise power; both for Ge-Nb system (0 = 0.1) and for Ge-W system (8 = 1.0) the
slope of the S(f) is equal to 1.

3. Threshold character of surface diffusion of Ge adatoms on Nb surface with
activation energy @ = 0.74 + 0.05 eV is observed in direction (111) — (112) for
submonolayer (f < 0.1) coverages.
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