
t>-

INTERFACE STUDIES OF METAL- SEMICONDUCTOR CONTACTS 

BY MEANS OF SIMS, NUCLEAR REACTiON AND R. B. S. 

J . P. PONPON, J . J . GROB, A. GROB, R. STUCK, P. SIFFERT 

Centre de Recherches Nucléaires 

Groupe de Physique et Applications des 
Semiconducteurs (PHASE) 

F-67037 STRASBOURG-Cedex 

The aim of this paper is to show that a combination of SIMS, nuclear 

reaction and Rutherford backscattering experiments is a very powerful tool to 

investigate interfacial layers. These techniques have been applied to the 

study of oxygen accumulation at the gold-si l icon interface for thin gold layers 

which are of great interest in devices such as surface ba r r i e r detectors and 

Schottky solar cel ls. 

This work has been done as follows : 

- the relative depth distribution of oxygen has been determined by prof i l ing 

with SIMS the different masses of interest. 

- the absolute oxygen concentration at the free sil icon surface as well as 

under the gold layer has been measured by using the 3.05 MeV 0 (a,a') 0 

elastic scattering resonance in channelling conditions and with the target held 

at low temperature. 

- the depth scale .-* the SIMS (the latter giving only a time of erosion scale) 

has been obtained by 1 MeV 4 He backscattering measurements at an 

optimized low angle geometry. 

These experiments demonstrate that oxygen diffuses through the gold 

film and accumulates at the interface. The diffusion law has been established 

by analyzing the influence of time of exposure to air after gold deposition by 

vacuum evaporation and gold layer thickness. 
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The experimental conditions as well as the physical results wi l l be presented 

and discussed in detai l . 

I. INTRODUCTION 

Secondary ion mass spectroscopy (SIMS) is a powerful technique to 

investigate solid surfaces or interfacial layers by analyzing elements and even 

by prof i l ing them. However, this method gives in general neither accurate depth 

information nor absolute concentration of the elements of interest. We have 

combined the SIMS analysis with both Rutherford backscattering experiments 

(RBS) and nuclear reactions to study the metal-semiconductor interface, 

especially the gold-si l icon contact (Schottky diode). 

It has been recognized for a long time that the gold N-type si l icon 

barr ier needs some ageing in a i r before it can work properly C l ] . As this 

bahaviour cannot be explained by the Schottky theory 12] o r the interface states 

models [ 3 , 4 ] , various hypothesis have been proposed, including the possibi l i 

ties of oxygen diffusion through the metal layer u5, 6 j or internal change in 

the native oxide L7]. 

We have devoted great emphasis to the study of the oxygen behaviour 

at the gold-si l icon interface as a function of ageing and gold thickness. Both 

the relative depth distribution and the absolute concentration of oxygen have 

been determined, not only at the interface, but also at the free si l icon surface, 

in order to get a better understanding of the physical process occuring when 

such a device is put in a i r . 

I I . EXPERIMENTAL 

I. Samples preparation 

N-type sil icon of 10 O.cm in resist iv i ty was used, oriented generally 
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along the < 100> axis ; however, no influence of the orientation was observed. 

Two different surface preparations were usedseither the samples were op t i 

cally polished and rinsed in methanol, f luorhydric acid and deionized water, 

or they were chemically etched in CP-4 or white etch, and f inally rinsed 

in the same way as indicated above. The gold evaporations were made by 

Joule effect under vacuum (residual pressure =- 10" to r r ) . Two series of 

experiments have been performed : in the f i rs t one, the gold layer thickness x 

was kept constant (x = 100 A ) and the samples were held in normal a i r during 

different periods of time t before the measurements, so that the evolution of 

the amount of oxygen N (t) as a function of time was studied. In the second 

one, different gold layer thickness were deposited at the same time on d i f fe

rent samples and the measurements were performed 65 hours after manufactu

r ing, in order to investigate the change N. (x) of the oxygen amount as a 

function of the gold thickness. 

2. SIMS analysis 

As the principle of the SIMS technique is rather well known [ 8 ] , only 

the experimental conditions we have used wi l l be described here. The samples 

of interest were mounted in the apparatus and bombarded, under a residual 
-9 pressure of 10 torr , by an argon beam of 3 keV at a current density limited 

to 50 p,A/cm . As wi l l be shown later these conditions correspond to an erosion 
» 

rate of approximatively 92 A/min, which is high enough to avoid any oxidation 

of the sample during the measurement (as a matter of fact, even under a r e s i -
-9 dual pressure as low as 10 tor r one monolayer of oxygen is absorbed in a 

tew minutes). The secondary ions were analyzed by means of a quadrupole and 

an electronic set-up allowed to follow the depth distributions of the masses of 
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interest which were displayed on a linear scale. F ig . 1 shows the recording 

of the oxygen distribution as a function of depth for sil icon samples having 

been stored for 65 hours in a i r after deposition of gold layers of different 

thickness. Strong accumulation of oxygen at the interface is observed in 

any case ; the amount of oxygen per unit area (which is direct ly proportional 

to the peak area) clearly decreases when the gold film thickness increases. 

This wi l l be discussed in detail in sections 111 and IV. 

3. Rutherford backscattering measurements 

The Rutherford backscattering technique was used to determine the 

erosion rate of the SIMS, in other words to calibrate the prof i les in depth. 
o 

However, the depth resolution of the commonly used RBS was too poor (300 A) 
o 

in the case of interest here (gold thickness down to 100 A). Therefore, we 

used the glancing incidence technique [9 ] which allows to obtain a resolution 

better than 50 A even when using solid state detectors. In our geometry, the 

beam enters the target at an incidence of 20" relat ive to the surface and leaves 

at 10° towards the detector. The latter was cooled down to 77 K in order to 
4 + improve its energy resolution. With an analyzing beam of 1 MeV He ions 

the energy distribution of the particlesbackscattered from a 100 A thick gold. 

film presented a plateau corresponding to the depth of the layer. By measu

r ing in this way different gold layer thicknesses on si l icon and comparing to 

SIMS analysis, the sputtering rate of gold for a 50 |jA/cm argon beam current 
o 

density was found equal to 92A/min. 

4. 0 (a. 5.') 0 elastic scattering 

The analysis of oxygen contents in solids by means of ion beams is 
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generally performed either by using a nuclear reaction [10] or by Rutherford 

backscattering [11] often in channeling conditions. Unfortunately, for the 

samples studied here in which a rather low amount of oxygen below a thin gold 

layer had to be measured, the sensitivity of these methods was not high enough. 

Therefore, we used the 0 (a,, a1) 0 elastic scattering which presents a very 

sharp resonance at E R (lab) = 3. 048 MeV into a scattering angle of 

9 = 158".0 [ 1 2 ] . The detailed study of this reaction, from a nuclear point 
c. m. L J 

of view, has been published many years ago [ 1 3 ] . The scattering cross section 

at the resonance is roughly ten times higher than that of the a-part ic les 

Rutherford backscattering on sil icon at the same energy. To further improve the 

sensitivity, as obtained by performing the experiment in a random direction, 
4 + after crossing the gold layer the He beam was aligned along a channeling 

direction, so that the sil icon background was reduced by a factor of 20 at room 

temperature and of 50 when the target was cooled down to 77 K. 

The yield v of the reaction, when using thin target approximations, 

can be expressed by : 

y = a a i R N t ( i ) 

where Q is the flux of incident part icles, ft the solid angle, a R the cross 

section at the resonance ( a R = 0.95 barn [13] ) , N the atomic concentration 

of oxygen in a film whose thickness is t. To evaluate with accuracy Qfi we used 

the Rutherford backscattering yield H_. on a sil icon target : 

H e . = Q G c e . N_. 6 ,„v 
Si S I S I X (2) 

where a—, is the Rutherford scattering cross section on s i l icon, N_. the 
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atomic concentration of the si l icon substrate and ox is the depth corresponding 

to one channel on the spectrum. If 6E denotes the calibration factor (keV/ 

channel), then 

5x = Ï E / T S ] (3) 

where [ s ] is the well known backscattering factor corresponding to the inc i 

dent particles energy loss during their forward and backward path [ 1 4 ] , 

Therefore, the amount of oxygen atoms per unit area is given by : 

Nt = (V zs. N s , 5E) / ( H s . [ S ] a R ) ( 4 ) 

Fig. 2 shows typical energy distributions obtained for the optical ly polished 

samples : the lower spectrum corresponds to a free si l icon surface freshly 

cleaned; from the oxygen resonance peak intensity i t is possible to determine the 
14 —2 oxygen amount which is found to be 9 10 cm . The large si l icon signal 

observed in this spectrum arises from the disordered surface layer of the 

optically polished samples. The upper spectrum corresponds to a gold si l icon 

interface analysis for a sampie manufactured 100 minutes beforethe measure

ment. An increased sil icon yield, resulting from the angular dispersion in the 

gold layer is seen. The resonance is observed at 3.053 MeV instead of 3.048 

WeV : the S keV difference corresponding to the energy lost in the gold layer. 

Furthermore, the figure shows that the oxygen peak has shifted a l i t t le down to 

lower energy when compared to the free si l icon surface : this indicates that the 

excess oxygen atoms are real ly situated below the gold layer. Their amount in 

15 -2 this case is 3 10 cm The er rors on the parameters G R » O" S . and [ S ] in 

relation (4) combined with the experimental e r rors lead to an accuracy of about 

10 To for the oxygen amount determination. 
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I l l . RESULTS 

1. Evolution of the oxygen amount with time 

On figure 3 has been plotted the change of the oxygen amount ANx(t) 

at the interface of gold—N type sil icon devices optically polished and chemically 

etched (the native oxide contribution N s has been deduced from N (0). It appears 

clearly that the oxygen amount increases following a logarithmic law and that 

the surface treatment has no strong influence on this behaviour. The only 

difference arises from the native oxide level after cleaning : for the optically 
14 -2 polished samples this amount N_ is about 9 10 cm , while for chemically 

15 -2 etched samples it is 2. 4 10 cm . It should be noted that on the f igure 

have been reported the SIMS results as well as the absolute measurements 

as deduced from the nuclaar reaction which were used to cal ibrate the 

amount scale. It can be further noticed that the increase of oxygen amount does 

not start at time t = 0 but after a time lag t 0 of about 200 s. No saturation is 

reached, even after 10 s. At that time the oxygen amount below the gold 
t e n 1 c — o 

electrode reaches S.4 10 c m - and 7.0 10 cm" respectively for the polished 

and etched devices. 

2. Behaviour' of oxygen at the interface as a function of gold thickness 

F i g . 4 shows the change of the oxygen amount A N,(x) at the interface 

as a function of the thickness of the gold layer. Again, after the native oxide 

amount has been deduced, no difference appears for the two surface treatments 

used and the increase of the oxygen amount at the interface behaves l ike x~ " 
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As in the former case, absolute calibration was performed by using the 

results of f ig. 3. 

IV. DISCUSSION 

The results reported above clearly demonstrate that oxygen from the 

ambiant diffuses towards the interface through the gold layer. This confirms 

the hypothesis proposed about ten years ago [5 , 6] after investigating the influence 

of a i r on the electrical characterist ics of gold-sil icon diodes. It was shown 

at that time that the reverse current under vacuum, immediately after manu

facturing of the device, is very high (very poor rectif ication) and that it 

begins to decrease as the logarithm of time after some delay T depending 

L-pon the gold thickness and the temperature. This result lead to the assumption 

of a diffusion of oxygen through the metal, which was In good agreement with 

the general law of gas diffusion through a membrane of thickness x LI 5} given by : 

x = "7 6 D T (5) 

where D is the diffusion constant and T represents the time necessary to 

oxygen atoms or ions to cross the gold layer. It Is clear then that the time 

lag t defined in section III—1 is the same as T. Thus, the physical process 

after the devices are put in a i r occurs as follows : f i rs t , oxygen (or water-

vapour) diffuses ihrough the gold layer, according to eq. (5) if the gold fi lm is 

thick enough (if it is too thin the diffusion law can deviates from eq. (5) due to 

nonuniformity of the layer) and no accumulation at the interface is seen 

up to the time t . After the establishment of a steady state, accumulation o ' 
of oxygen arises, following a logarithmic law as shown on f ig . 3. In the 



same way it is expected that the time lag wi l l increase for thicker gold layers. 

This is expressed by f ig . 4 which shows that for the same time spent in a i r the 

accumulation of oxygen at the interface decreases roughly as the inverse 

square root of the metal thickness. 

A semi-empirical relation, representing the evolution of the oxygen 

concentration per unit area N(x, t) at the interface for t > t can be drawn 

from the experimental results and by using eq. ( 5) : 

0 si 6 D t 

A N (x, t) = N(x, t ) - N s = C x - O I In j - (6) 
x 

11 —2 where C is a consta. t (for the case of interest C = 4. 7310 cm ). Assuming 

t - 200 s , as deduced from f ig. 3, leads to a value of D = 8. 3 10 cm / s , 

which can be compared to the value of ref C5] D = 4. 3 10~ cm / s . 

The physical process occuring at the interface could be a room tempera

ture oxidation of sil icon accelerated by the presence of gold. It has been 

shown 116, 17] that such an oxidation (when limited by oxygen ionization) of a 

free sil icon surface follows a logarithmic dependence upon the time. Further, 

we have shown elsewhere [18] that for the same sample the amount of oxygen 

at the interface is roughly three times higher than that at the si l icon surface. 

It can be supposed that an oxide fi lm probably does not begin to grow as soon 

as oxygen reaches the interface, as it is f i rs t necessary to compensate a lack 

of oxygen which exists in the native oxide I 1 9 ] . However, the increase of the 

oxide layer thickness could not be directly observed from the experimental 

data described here due to the depth resolution limitation of the technique. 

The best depth resolution below a 100 A thick gold layer was obtained with 
o 

SIMS and was about 30-40 A . Thus if one assumes a native oxide layer with a 
o 

thickness 10-20 A, even after an accumulation of oxygen at the interface over 
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five decades the oxide layer width wi l l re.tiain below the depth resolution. 

V. CONCLUSION 

A combination of three techniques based on ion beam analysis i .e . 

SIMS, nuclear reaction and RBS, has been used to investigate interfacial 

properties of gold-si l icon contacts. It has been demonstrated that oxygen 

from the ambiant diffuses through the gold layer towards the interface as 

soon as the samples are put in a i r and that it accumulates at the interface at 
15 —2 a rate of about 1.25 10 cm per time decade. Further, i t has been possible 

to clearly establish the behaviour of oxygen at the gold-si l icon contact and to 

ver i fy an hypothesis proposed several years ago. Final ly, it should be 
o 

noted that a 100 A gold layer could be not uniform and that l i t t le change 

could occur for thicker golo layers (mainly the constant C in eq. (5) wi l l be 

modified) but the general behaviour cr oxygen w i ' remain the same. 
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F13URE CAPTIONS 

Fig. 1 Depth distribution of 0~ ions at the gold-si l icon interface for 

different c.old thick.iesses. 

F ig . 2 Energy distributions of He part icles backscattered on (i) free 

sil icon (lower curve) and (ii) gold evaporated sil icon after 100 

minutes in air (upper curve). The incident beam was aligned along a 

channeling direction and the respective incident energies are indicated. 

F ig. 3 Plot of oxygen accumulation at the gold-si l icon interface as a 

function of time for a fixed gold thickness. 

F ig. 4 Plot of oxygen accumulation at the gold-si l icon interface as a 

function of gold thickness for a f ixed time. 
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