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Abstract. The light output from A1-I-AU tunnel junctions is observed to depend on the 
morphology of the Au film electrode. Films deposited quickly (2 nm s-I) give out less light, 
especially towards the blue end of the spectrum, than those deposited slowly (0.03 nm s-'). 
An explanation is offered in terms of elastic scattering of surface plasmon polaritons in the 
Au film. The scattering increases the chance of plasmon decay by internal electromagnetic 
absorption at the expense of photon emission. A model, of more general applicability, has 
been developed which can explain the results. SEM has been used to determine the grain size 
in the Au films and STM to measure the surface roughness. 

1. Introduction 

For a number of years there has been interest in the emission of light from tunnel 
junctions, so-called light emission by inelastic tunnelling (LEIT). Its spectral form is 
surprisingly inconsistent from one investigation to another and there have been sug- 
gestions (Kirtley et a1 1981 , Kroo et al 1986) that variations in electrode morphology 
may be at the root of the problem. In the present study we have combined spectral 
measurements with determinations of electrode topography by scanning tunnelling 
microscopy (STM) and SEM studies of grain size to explore the issue. A model of the light 
emission process is developed to assist in interpreting the results. 

Thin-film metal-insulator-metal tunnel sandwiches emit broad-band light up to a 
maximum frequency, vo, when a DC bias, V,, is applied between the metal electrodes 
(Lambe and McCarthy 1976). A quantum condition 

hvo = eVo 

determines the maximum output frequency. The present physical understanding is that 
fluctuations (shot noise) in the tunnel current with a power spectrum 

(12,) = e lo( l  - hv/eVo)  

(Zf) = 0 

hv < eVo 

hv > eVo 

where lo is the DC current under bias, Vo,  excite surface plasmon polaritons (SPPS) in the 
electrodes and these decay by the emission of photons at the electrode surfaces. Because 
SPPS propagate at less than the speed of light it is impossible to conserve both energy and 
momentum during the emission process at a smooth surface. In practice, most metal 
surfaces are sufficiently rough to provide the necessary coupling between SPPS of 
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wavevector ksp,  and photons of wavevector k ,  via the reciprocal of the surface roughness 
correlation length A,: 

k,, = k sin 0 + 2n/il,. 

Here 6 is the angle of photon emission relative to the mean surface normal. Light is 
therefore emitted if the surface is naturally rough. The intensity is increased if deliberate 
roughening is introduced. The roughening can be achieved by chemically etching the 
outermost surface (Lambe and McCarthy 1976) or by depositing the film sandwich on a 
rough substrate which has the effect of making all the interfaces rough as well. Common 
practice has been to use either diffraction gratings (Kroo et a1 1981, Kirtley et aZl981) 
or microcrystalline films of materials such as CaF2 (McCarthy and Lambe 1977) as 
substrates. 

Some progress has been made towards understanding the variation of the emitted 
light intensity with angle and frequency. A theory by Laks and Mills (1979,1980) which 
developed earlier ideas of Davis (1977) and Rendell et a1 (1978) has frequently been 
used in the interpretation of experimental results (Kirtley et a1 1981, Dawson et a1 1984, 
Moulessehoul and Septier 1984, Ushioda etaZ1985,1986, Kurdi and Hall 1986, Donohue 
and Wang 1986, Kroo et a1 1986, Soole and Hughes 1988). The distribution of light 
intensity with angle seems to be reproducible from one sample to another and is in 
agreement with theoretical predictions (Laks and Mills 1979,1980, Takeuchi et a1 1988). 
However, there are serious discrepancies between the spectra reported by different 
research groups for nominally identical or similar samples (e.g., Parvin and Parker 1981, 
Dawson eta1 1984, Donohue and Wang 1986, Watanabe et a1 1988). We have confirmed 
significant irreproducibility in spectral output from one sample to another made under 
supposedly similar conditions. We have therefore varied the preparation conditions 
deliberately to see if the spectral form of the light output can be changed in a controllable 
way. 

2. Experiment 

Al-I-Au tunnel sandwiches with rough surfaces and interfaces have been prepared on 
glass substrates over an initial film of CaF2, about 100 nm thick, deposited at 2 nm s-l. 

The A1 films, 50 nm thick, were deposited at 1 nm s-'. The insulator resulted from air 
oxidation of the A1 film at 1OC-150 "C for 5 min. Subsequently the 20 nm thick Au films 
were cross deposited, some at a slow (0.03 nm s-') and some at a fast (2 nm s-') rate. 
The samples were aged at room temperature for a period of 1 to 10 days until the 
resistance had ipcreased sufficiently to develop a bias of 3 V at a test current of 20 mA. 
Thereafter the samples were stored in liquid nitrogen until and during the optical 
measurements. Each of the metal films is 7 mm wide, so the light-emitting area at their 
intersection is about 0.5 cm2. Narrow (1 mm wide) A1 evaporated films make contact 
from the ends of the films to one edge of the glass substrate. The substrate is suspended 
from an edge connector in a bath of liquid nitrogen during the optical measurements: 
the samples have a more stable resistance when operated at 77 K and a much longer life 
(months as opposed to hours at room temperature). The high applied electric fields (3 V 
across 2 nm) can sometimes cause a decrease in the resistance of the tunnel insulator 
during a spectral measurement (typical duration 14 minutes). This problem is overcome, 
if it arises, by applying a periodic short negative-bias pulse to the sample. 

The topography of the films was plotted with a scanning tunnelling microscope 
(STM) similar to the pocket-size model introduced by Gerber et a1 (1986). For these 
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Figure 1. Emission spectra (photon count) at 0 = 0" from roughened CaFrAI-AI2O3- 
Au tunnel junctions. (a) Applied bias, V,, = 3.45 V; current, i, = 14 mA; 20 nm Au film 
deposited at 0.028 nm s-'. ( b )  Applied bias, V,,, = 3.41 V; current, i, = 50 mA; 20 nm Au 
layer deposited at 2.0 nm s-' .  

measurements the samples were examined in air at room temperature after the optical 
measurements were complete. The piezoelectric arms of the STM were calibrated opti- 
cally with a Newton's rings arrangement and checked against atomic structure seen in 
HOPG graphite. 

The scanning electron microscope (SEM) pictures were taken on a Jeol JSM 840 
Instrument. 

3. Results 

The spectral output from a slow-evaporated Au film is shown in figure l ( a )  and from a 
fast-evaporated film in figure l (b) .  Although some variations occur from one sample to 
another prepared under similar conditions, the suppression of output at the blue end in 
fast-evaporated films was consistently observed. The overall intensity was usually down 
at all wavelengths in fast-evaporated films-typically by a factor of 10 at the red end of 
the spectrum and 40-50 in the blue. The peaks in the spectra were shifted towards the 
red in fast-deposited films. 

An SEM photograph of a slow-evaporated Au film is shown in figure 2(a) and of a 
fast-evaporated film in 2(b). STM topographs of slow- and fast-evaporated Au films are 
shown in figures 3(a)  and (b).  There are very great differences in detail in the STM 
topographs obtained at different places on the film surface. Those shown in figure 3 
should be regarded merely as representative of the type of structure revealed. The field 
of view of the STM is limited to just over 1 pm in each direction and there is clearly a 
benefit in developing instrumentation to look over ranges of 10 or 100 pm. Then, the 
longer-range variations in texture over the surface could more usefully be displayed. In 
the meantime it is necessary to supplement the topographs with the statement that the 
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Figure 2. SEM photographs of tunnel junctions with (a )  slow-deposited Au film and ( b )  fast- 
deposited Au film. 

height and spacings of features observed on the surfaces are, by and large, consistent 
over the whole of the tunnel junction area but the detailed shapes of the features are 
richly varied. The STM topographs and SEM pictures were all taken in the light-emitting 
area of the sandwich where the Au film overlies the AI film. Out of interest we show in 
figure 4 an STM topograph of a weakly light-emitting Au film on top of AI but with no 
CaF2 underlayer. The region in the bottom right quarter of the plot is typical of most of 
the film, but note that some rough regions can occur without CaF2 underlayers. These 
regions are possibly important sources of the light emission from ‘smooth’ films. 

4. Discussion 

The SEM photographs show that the typical metal grain size in the slow-evaporated 
(0.03 nm s-l) films is about 200 nm and in the fast-evaporated (2 nm s-I) films is about 
50 nm. (The underlying CaF2 layer was deposited at the same rate, 2 nm s-l, in both 
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Figure 3. STM topographs of the top surface of tunnel junctions with CaF, underlayer: (a) 
slow-deposited A u  film and ( b )  fast-deposited A u  film. STM operating conditions: (a) tunnel 
voltage, V,  = 10 mV; tunnel current, I ,  = 7 nA;  ( b )  tunnel voltage, VI = 20 mV; tunnel 
current, I, = 12 nA.  

cases.) Kroo et a1 (1986) found an average grain size of about 100nm in Ag films 
deposited at an intermediate rate (0.1-1.0 nm s-'). 

The STM topographs in figure 3 indicate that significant surface roughness features, 
typically 25 nm high, occur at spacings of 100 ? 50 nm. STM topographs of Au films with 
no underlying CaF, layer as in figure 4 are much smoother with areas of more than 1 pm2 
having no features greater than 5 nm high. 

Soole and Hughes (1988) used transmission and grazing reflection electron micro- 
scopy to determine the grain size and surface roughness of light-emitting films. In most 
respects their conclusions are consistent with ours. The one exception is the lateral scale 
of surface roughness for which they obtained 20-30 nm as against 50-150 nm here. This 
may be a matter of the interpretation of data from TEM versus STM. The TEM has 
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Figure 4. STM topograph of the top surface of a tunnel junction with no CaF, underlayer. 
The space in the middle of the plot is between two recorder sheets. STM operating conditions: 
tunnel voltage, V,  = 10 mV; tunnel current, I ,  = 8 nA. 

diffraction limitations and the STM data require further processing to allow determination 
of the surface profile ‘power spectrum’. An attempt at such processing by Pappas et a1 
(1988) suggests some agreement with the TEM work of Soole and Hughes. 

An explanation of the spectral results requires a model of the light-emission process. 
To begin, let us suppose that the tunnelling electrons have excited SPPS at the Au-air 
interface. The propagation of the SPPS is influenced by three processes: 

(i) electromagnetic damping in the film (a process that may include single electron- 
hole pair excitation through interband transitions); 

(ii) decay by photon emission; and 
(iii) elastic bulk scattering at grain boundaries within the film. 

Electromagnetic damping can be calculated from the measured optical properties of 
the film metal and a propagation length, I,,, determined. In the case of Au,  I,, decreases 
from 10 pm at 700 nm to 0.2 pm at 500 nm and remains near this value in the range 500 
to 400 nm (Dawson et aZ1984-note that the notation used there is L) .  

Photon emission is improbable from smooth evaporated films; light intensities from 
tunnel devices made without a CaF2 underlayer are down by typically 1 or 2 orders of 
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magnitude from those reported here. Roughness arising from the CaF, underlayer is 
the important factor in increasing the output intensity. This roughness is revealed in the 
STM topographs which are particularly sensitive (-0.01 nm resolution) to the height 
profile of the film. The separation between surface ridges, - 100 nm, presumably mirrors 
the size of the CaF, grains. 

Elastic bulk scattering of surface plasmons at grain boundaries can be expected in 
the films. Little attention has been paid in the literature so far to such processes. The 
mechanism may be envisaged as involving generation of secondary plasmons by the 
oscillating fringe electric fields in inter-grain gaps. It can be anticipated, like Rayleigh 
radiation, to be more severe at short wavelengths. 

In films with large grains, elastic scattering of SPPS will be infrequent and the com- 
petition between electromagnetic damping and photon emission as SPP absorption mech- 
anisms will be as on bulk single crystal metal surfaces. However, as the grain size in the 
film decreases a stage is reached when the scattering mean free path becomes comparable 
with or less than the separation between surface roughness features. In that situation 
the scattering of a SPP will increase the SPP path between one encounter with a surface 
roughness feature and the next. The result will be a reduced likelihood of photon 
emission. Electromagnetic damping per unit path length will be unchanged and the 
competition for SPP absorption will tilt towards internal dissipation and against photon 
emission. The effect may be important throughout the spectrum if elastic scattering 
increases with plasmon energy. Thus the basis of an explanation of the lower light output 
from fast-deposited films is established. 

Kroo et a1 (1986) found stronger red radiation in slowly evaporated films. They 
recognised that structural and surface properties of the electrodes determine intensity 
variations from one sample to another. 

Interestingly, Kirtley et a1 (1981) suspected that, for rather different reasons than 
discussed here, the intensity would increase with larger grain size. However, they 
increased the deposition rate from 0.2-0.4 nm s-l to 1-2 nm s-l to achieve greater grain 
size and do not report any electron microscopy data. They interpret the results in terms 
of tunnel electron injection mean free path rather than SPP mean free path. A frequency- 
independent value of 8 nm was obtained for the hot-electron mean free path. 

Donohue and Wang (1986) evaporated Au at 0.3 nm s-l by electron beam and found 
strong emission in the blue. It was attributed to radiativeplasmon decay. No information 
on crystallite size was presented. The electron-beam method may heat the sample to 
higher temperature during preparation and give larger crystallites which would help to 
give greater output. We have fabricated such films on glass, and preliminary STM results 
show terraces with steps 10 nm high. 

5. Model 

A more quantitative model of how the light emission changes from films with large 
crystallites to those with smaller crystallites can be attempted. Suppose the mean free 
path of a plasmon before emission of a photon is lph and the mean free path before 
electromagnetic absorption within the film is lem. It follows that the absolute number 
of emitted photons, N ,  will vary as lph-' and competition between the two plasmon 
absorption processes will result in a fraction lem/(lem + lph) of the decaying plasmons 
following the photon emission path. Thus the number of emitted photons, N ,  may be 
written as 

where the last term arises from the power spectrum of the exciting current. Values for 
(l/lph)[lem/(lem + lph)l(VO - V >  
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Figure 5.  Plot of emitted light intensity (photon count) as function of wavelength calculated 
from the model described in text. No intercrystallite scattering of plasmons is assumed. The 
curves correspond to minimum wavelengths (maximum frequency, U") cut-offs at 650,600, 
550,500,450,400 and 350 nm. 

I,, can be calculated (Dawson et a1 1984). In the absence of knowledge about the 
frequency dependence of I,, we assume Rayleigh-like surface scattering gives an intensity 
varying as v4 .  Taking account of the photon energy, h v ,  this implies a photon number 
count varying as v3. A similar v 3  behaviour is to be found in the Einstein A coefficient 
and the expression for black body absorption by, or radiation from, an atomic dipole 
(Mott 1958); it is also explicitly observed as a background absorption of x-rays (by 
matter) on which characteristic edges from specificelements are superimposed (Agarwal 
1979). We therefore put 

As for the magnitude of I,,, Moreland et a1 (1982) reported 9% efficiency for plasmon 
decay by photon emission in Ag films deposited on > 100 nm CaF, at 632.8 nm photon 
wavelength. Thus, 

0.09 = l em/( lem + I p h ) .  

At this wavelength I,, = 47 pm in Ag (Dawson et al 1984) so it follows that Iph = 475 ,um. 
If, for simplicity, we assume Iph 9 I,, the expression for intensity simplifies to 

N K  v y v 0  - v) lem.  

Plots of this expression for various values of v o  are shown in figure 5 .  Remarkably, in 
view of its simple form, it portrays most of the important features of experimental results 
such as those shown in figure l(a).  

There remains the more general question of how the spectrum of emitted light is 
altered when the ratio of I,,, to I,, changes. The curves in figure 6 have been calculated 
from the first equation in this section without assuming I,$, % le,,,. It is clear that when 
Iph < I,, there is a strong output (proportional to l;;) and little imprint of the optical 
constants of the Au film. At  the opposite extreme, the output is dramatically reduced 
(and proportional to I $ )  but here the effect of electromagnetic damping of the plasmon 
is prominent, Between these extremes can be found examples of curves that are reported 
in the literature for different samples. The trend from an almost featureless single high- 
energy maximum to a doubly peaked curve with a sharp drop in the 650-500 nm range 
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Figure 6 .  Plot of emitted light intensigy (photon count) as function of wavelength, calculated 
from model described in text, for the following values of lp,,/lem: A, 0.01; B, 0.1; C ,  1.0; D, 
10; E, 100; F, 1000. For clarity, the intensities have been amplified by the values shown. In 
all cases the upper frequency cut-off is at 350 nm. 

is smooth with increase in the ratio lph/lem, i.e. with decreasing emission efficiency. The 
experimental results reported in figure l(a) and (b )  both appear to lie in the range 
lph > I,, with the inequality more pronounced in (b) .  They roughly correspond to the 
calculated curves D and E of figure 6 respectively; the first of these is the regime reported 
by Moreland et a1 (1982) and may represent the best output that can be achieved with 
CaF, underlayers, 

An alternative mechanism to elastic scattering of plasmons at grain boundaries which 
achieves the same effect on the ratio lPh/lem might be suggested: smoothing of the surface 
with faster film deposition. The model would then apply equally well but the STM results 
give no support to such an explanation. 

6. Conclusions 

Light-emitting tunnel junctions made with fast-evaporated Au films have a lower output 
intensity, especially in the blue, than sim.ilar junctions made with slow-evaporated films. 
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SEM studies show that the fast-deposited films have smaller grains (50 nm) than slow- 
deposited films (200 nm). STM topographs show that the roughness features due to the 
CaFz underlayer are typically 10 nm high and with spacings of 100 +- 50 nm. In the fast- 
deposited films elastic scattering increases the interval between plasmon incidences on 
surface roughness features and thus decreases the photon output in favour of internal 
damping of the plasmon. The relationship between metal grain size and the surface 
roughness repeat distance is important in determining the efficiency of light-emitting 
devices. A model of the emission process reproduces well the observations. 
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