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Rutherford Backscattering Spectroscopy measurements were carried out on p-type silicon prior to and 

after metal diffusion in order to determine the amount of diffused metal. The metals used were gold, 

platinum, erbium and niobium. The amount of the diffused metals was estimated by using the peak 

heights of the spectra. In all cases the heights become smaller after diffusion to show a reduction in the 

concentration of the metal on the silicon surface. This reduction of the heights is more pronounced for 

the heavy metals. This result confirms that the concentration of the diffused metal in the bulk depends 

on the atomic weight of the metal. It has also been found that after diffusion the metals tend to make the 

silicon a relaxation material. Such relaxation material has been found to be good for the fabrication of 

radiation-hard particle detectors. 

   
 

 

 
 

1. Introduction 

 
There has been much interest in fabricating silicon radiation- 

hard detectors for high energy physics experiments [1,2].  In 

trying to achieve this, much work has been carried out on silicon 

doped with gold and platinum [1e8]. These metals turn the silicon 

into a relaxation material [9] and they tend to suppress the effects 

of radiation on the material [3,9]. Depending on the amount and 

their nature, the metals can also induce similar effects as those that 

are created by exposure to radiation [10]. The metals can also 

render the material useless for the fabrication of detectors [11]. It is, 

therefore, important that the amount of the metals required to turn 

the silicon into a relaxation material are known. Since both gold 

and platinum are expensive and not easily found, it is also essential 

that other metals are investigated so that their effects can be 

compared with those of gold and platinum with the possibility of 

replacing the expensive metals. 

Due to the very low solubility that erbium has in silicon [12], 

there is less information about the diffusion mechanisms of the 

metal into silicon [13e15]. It has been found that erbium can induce 

similar effects as those induced by 1 MeV neutrons in silicon [10]. 

However, the work presented in Ref. [10] does not specify the 

amount of erbium diffused into the material. Since erbium is 

known to react vigorously with oxygen, it has to be ensured that 
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any effects on the silicon are due to erbium only and not to oxygen. 

Furthermore, the amount of erbium diffused into the silicon has to 

be determined. 

Niobium, on the other hand, has been found to exhibit similar 

effects as those of gold and platinum in silicon [8]. It is, therefore, 

required that the amount of niobium introduced into the silicon 

bulk in order to induce these effects is determined. This can be done 

by taking a difference between the amount of niobium deposited 

onto the silicon surface prior to diffusion and the amount 

remaining on the surface after diffusion. 

In this work, Rutherford Backscattering Spectroscopy (RBS) 

measurements were carried out on the metal-coated p-type silicon 

prior to and after the diffusion process. The concentration of the 

deposited metal before the diffusion process was determined 

accurately by simulation while after the process it was estimated 

using the peaks of the spectra. After the diffusion process, the 

height of the peaks is found to be reduced and shifted towards 

lower energy. The reduction in the peak height indicates that the 

atomic concentration of the deposited metal has decreased. The 

shifting of the peak, on the other hand, indicates a mixing of the 

metal impurities with the silicon atoms. This shows direct diffusion. 

 
2. Experimental technique 

 
2.1. Sample preparation 

 

The material used in this work is a p-type silicon wafer polished 

on one side. The wafer was diced into many 0.9 cm   0.9 cm square 
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substrates. The resistivity of the material ranges from 1 to 20 U-cm 

and the thickness from 350 to 400 mm. The substrates were cleaned 

with an ultrasonic cleaner, using methanol, acetone, trichloro- 

ethane and de-ionized water to remove any dirt and handling 

grease. Afterwards, they were dipped into 20% HF solution to 

remove the oxide layer. The substrates were then blow-dried using 

nitrogen gas after which they were loaded into the high vacuum, 

low pressure, evaporation chamber for metal deposition. 

For the deposition process, eight of the substrates were moun- 

ted onto aluminium sample holders and then loaded into the 

evaporation chamber at pressures below 10 6 mbar. Two each of 

the eight substrates were deposited with gold, platinum, erbium 

and niobium and then mounted on sample holders labelled A, B, C 

and D, respectively. The deposition was achieved by electron beam 

evaporation of the metal onto the polished surface of the sub- 

strates. Two substrates were undoped and kept to be used as 

controls. 

According to the calculations carried out in Ref. [16] using the 

saturation solubility and the diffusion coefficient, the thickness of 

gold to be deposited onto the silicon surface is 0.068 for an 

annealing temperature of 800 C and 0.542 for a temperature of 

1000 C. At these temperatures the annealing times required for 

gold to diffuse through the sample are 18 h and 3 h, respectively. It 

can be seen from the calculations that a very thin layer of gold is 

required to saturate silicon with gold atoms at temperatures higher 

than 800   C and at annealing times less than 18 h. 

Based on the same calculations using the saturation solubility 

and the diffusion coefficient of platinum at 900 C, the thickness of 

platinum required to be deposited onto the silicon surface has been 

evaluated as 0.048 The annealing time required to diffuse plat- 

inum through the sample is evaluated as 7 h. Similar to gold, a very 

thin layer of platinum is enough to saturate silicon at 900 C for 

annealing times less than 18 h. This requirement for a thin layer of 

either metal is because of the high saturation solubility or the low 

diffusion coefficient that both metals have in silicon. 

The thickness of erbium required on the silicon surface was 

evaluated to be 122.2    at an annealing temperature of 900  C and 

an annealing time of 6   105 h. The very large annealing time shows 

that erbium has a very low saturation solubility or a very high 

diffusion coefficient in silicon. This unrealistic annealing time could 

not be adopted in this work. Based on the gold values, the annealing 

time used was 18 h with the argument that the metal would be able 

to diffuse into the silicon bulk at temperatures higher than 800  C. 

Because of the unknown diffusion properties of niobium into 

silicon, the required thickness of the metal to be deposited, the 

annealing  temperature  and  the  time  required  for  the  diffusion 

could not be evaluated. It was decided, however, that the amount of 

metal  to  be  deposited  must  be  thick  enough  to  ensure  a  large 

supply of atoms. Based on the thickness required for erbium, it was 

decided  that  a  thickness  of  1000      would  ensure  that there  is 

enough metal to diffuse into the bulk. As in the case of erbium, the 

annealing temperature was chosen as 900   C and the annealing 

time as 18 h. These values were chosen mainly based on gold data. 

For the diffusion process, each of the metal coated samples were 

placed in  U-shaped porcelain  boats with the coated side facing 

upwards.  Only the  two  opposite  edges  of  each  sample were  in 

contact with the inner walls of the boat. The boats were then placed 

in a vacuum furnace and the samples were annealed at 900   C for 

18 h. In relation to the results obtained in Ref. [16], it is expected 

that gold and platinum would reach their saturation levels at 900   C 

for 18 h. Even though erbium has a very low saturation solubility in 

silicon, it is expected that in this time a certain amount of the metal 

would be diffused into the silicon bulk to create lattice defects. 

Since  there  are  no  calculations  carried  out  to  determine  the 

annealing  temperature and the  time  required to diffuse  niobium 

into silicon, it is also expected that the amount of niobium that will 

diffuse at 900 C for 18 h will be enough to saturate the silicon bulk. 

Even though the exact atomic concentration diffused into the sili- 

con was not determined, the RBS spectra show a decrease in the 

peak height. This decrease shows that the metallic concentration 

on the silicon surface has been reduced. It is possible that these 

have diffused directly into the silicon material. 

 

2.2. Analysis 

 

The measurements were carried out using the RBS technique. In 

this technique, helium ions are directed at high speed to the surface 

of a sample. As these ions become incident onto the sample, they 

interact with atoms in the sample and some of them are back- 

scattered into a detector. From the energy spectrum of the back- 

scattered ions information about the depth profiling of the metal 

present in the sample and the composition of the sample can be 

found [17]. 

The RBS measurements were carried out on the samples prior to 

and after the diffusion process. The measurements were carried out 

with 2 MV Van de Graaff accelerator using 2 MeV helium ions at a 

back scattering angle of 165 with a beam current of 2.5 nA. The 

system resolution was set at 20 keV full width at half maximum 

(FWHM). The beam spot size was about 1 mm diameter and 

approximately 10 mC was collected. 

The computer program used to analyse the RBS spectra is 

Rutherford Universal Manipulation Program (RUMP) [18,19]. The 

programme enables a comparison of the simulated and the 

experimental spectra. The spectrum shows  the  normalized  yield 

(ion intensity) of backscattered helium particles plotted against the 

channel number. The ion energy corresponding to each channel 

number is given by the top horizontal axis. The height of the peak 

gives the concentration of backscattered ions while the width gives 

the layer thickness. The input parameters for the simulation are the 

energy, the charge and the current of the incident beam. The pa- 

rameters also include the experimental geometry and the detector 

resolution. 

 

3. Results and discussion 

 
3.1. Gold-deposited samples 

 

Fig. 1 shows the RBS spectra of the gold-deposited samples prior 

to and after the annealing process. The front edges of the gold and 

silicon peaks are marked by arrows in plot (a). In the figure, the 

dashed (black) line denotes the experimental data  and  the 

continuous (red) line shows the RUMP simulated curve. The 

simulation fits very well to the spectrum of the unannealed sample. 

The simulation for the annealed sample could not be done since it 

was difficult to match the model with experimental data. It has to 

be noted that the simulation of the data obtained from the 

annealed samples is difficult since some of the metals produce 

isotopes as they diffuse into the silicon bulk. In any case, the 

simulation of the curves is not of concern at this stage. Of concern is 

the shape of the spectrum, a reduction of the peak and the slope of 

the metal peak after the annealing process. 

The RBS spectrum of the unannealed sample shows the gold 

peak which falls off sharply at the low energy edge. This sharp fall 

shows the abrupt silicide-silicon interface and indicates a smooth 

silicide surface [20,21]. The spectrum does not show evidence of 

contamination or a formation of an oxide layer on the silicon sur- 

face. If there was an oxide layer formed, the yield due to the oxygen 

would have shown a curve superimposed on the silicon plateau 

[17]. Thus, the thickness of the layer formed must be below 30 nm, 

the depth of the resolution of the RBS technique [22]. Using the 
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Fig. 1. RBS spectra obtained from the gold-deposited samples prior to (a) and after (b) the annealing process. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

 

RUMP software, the simulated data show that the thickness of the 3.2. Platinum-deposited samples 

gold layer deposited on the silicon surface is 1510    and this 

translates to an atomic concentration of 891.64 cm 2. This value of 

the thickness is higher than 1000     which was recorded during the 
deposition process of the metal. This difference of the measured 

thickness could be due to an incorrect reading of the crystal 

monitor in the vacuum chamber. The efficiency of the monitor 

decreases if it has been used for a long time without proper 

maintenance. 

In plot (b) for the annealed sample, the height of the gold peak 

and the FWHM from the front surface indicate that there is still a 

considerable amount of gold on the silicon surface. It can be noted 

that the height of the gold peak is lower (at 170) than the one in plot 

(a) (at 245). This shows that the gold concentration remaining on 

the silicon surface after the annealing process is less than in the 

unannealed sample (at 29%). Another observation from plot (b) is 

that the slope of the gold peak is at a lower energy. This slope shows 

that a metal-silicide layer has been formed and this is due to a large 

amount of gold diffused into the silicon during the annealing pro- 

cess [23,24]. A non-zero yield is observed in plot (b) between 

channels 280 and 400 which might be indicating a considerable 

amount of gold diffused into the silicon bulk. The difference in 

height and in the FWHM of the peaks is 65 and 10, respectively. 

It has to be noted that the results obtained here do not show the 

diffusion mechanism of gold into silicon. The spectrum observed in 

plot (b) is, however, similar in shape to that presented for samples 

that are annealed at a temperature of 1000 C for 12 h [25]. The 

results in that case were thought to be due to the substitutional or 

the kick-out mechanism of gold in silicon. The kick-out mechanism 

dominates in the annealing temperature ranging from 800 to 

1200 C [26]. In this range of annealing temperatures also, the 

diffusion profile of gold in silicon is U-shaped [27]. Since the sam- 

ples in this work were annealed at 900 C, the result obtained can 

be interpreted in a similar way. The RBS spectra obtained in 

Ref. [25], however, presents a non-zero yield only up to channel 360 

while the spectrum presented in plot (b) shows the non-zero yield 

up to the silicon peak (channel 400). This disparity could be due to 

the initial amount of gold deposited onto the samples. In the case of 

Ref. [25] the initial amount of gold deposited was much lower at 
w280   compared to the 1510   of this paper. 

Fig. 2 shows the RBS spectra of the platinum-deposited sample 

prior to and after the annealing process. The platinum peak in plot 

(a) falls off sharply at the low energy edge to show an abrupt 

silicide-silicon interface and a smooth silicide surface before the 

diffusion process. The spectrum, however, shows a small step at 

channel 400 which cannot be accounted for at this stage. Since 

metals form isotopes when they are deposited onto silicon [19], it is 

possible that the peak is due to one of the platinum isotopes. This 

peak may also be due to the bonding of carbon to platinum. The 

thickness of platinum deposited is found to be 1100    which gives 

an atomic concentration of 728.05 cm 2. This thickness is higher 

than the 1000    determined by the crystal monitor. In this case the 

crystal monitor used was better than the one used for the deposi- 

tion of gold since the difference between the values is not much. 

In plot (b) of Fig. 2, the spectrum indicates that there is still a 

considerable amount of platinum on the silicon surface. The peak 

height is less than the one in plot (a) to show that the amount of 

platinum remaining on the silicon surface after the annealing 

process is less than the one on the unannealed sample (at 52%). This 

means that platinum has diffused into the silicon. The difference in 

height and in the FWHM of the peaks is 120 and 30. The negative 

sign indicates that the metal peak after diffusion is wider than that 

before diffusion. 

The spectrum shows the sloping of the platinum peak at the low 

energy edge to indicate that a metal silicide was formed as plat- 

inum was diffused into silicon during the annealing process. These 

results are nearly similar to those presented in Fig. 1(b) for the gold- 

deposited sample. Another observation from the spectra is that the 

small step (at channel 380) has shifted towards the front edge of the 

silicon spectrum (270). This shift may be an indication that plat- 

inum has diffused into the silicon bulk with its isotope or with a 

very low amount of carbon bonding onto it. The non-zero yield is, 

however, not as pronounced as in the case of the gold-deposited 

sample as the curve touches the horizontal axis. 

The spectrum shown in plot (b) is similar to the one presented by 

other workers for platinum-deposited samples that were 

annealed at 900 C for 3 h [20]. At this annealing temperature the 

diffusion mechanism of platinum into silicon is dominated by the 
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Fig. 2. RBS spectra obtained from the platinum-deposited samples prior to (a) and after (b) the annealing process. 

 

kick-out mechanism [28,29], a phenomenon known well for gold. 

The defect level that was found to be dominant is a donor level at 

the lower half on the energy gap [20] and this is known to be a 

recombination centre. It is expected that the resistivity of silicon 

will increase after doping with platinum since mobile carriers 

would be recombined at this level. 

 

3.3. Erbium-deposited  samples 

 

Fig. 3 shows the RBS spectra of the erbium-deposited samples 

prior to and after the annealing process. As it was observed in Figs. 1 

and 2 for gold and platinum samples, respectively, the erbium peak 

also falls off sharply at the low energy edge to show the abrupt 

silicide-silicon interface and a smooth silicide surface before the 

diffusion process. The spectrum does not show any evidence of 

contamination on the sample. Unlike in the case of platinum 

samples where a small step was observed, the spectrum does not 

show any formation of some isotope. The thickness of the erbium 

layer deposited is found to be 1150.00 which gives an atomic 

concentration of 376.44 cm 2. This value is higher than 1000   

determined by the crystal monitor. 

In plot (b), the height of the erbium peak is less than the one in 

plot (a). The erbium concentration remaining on the silicon surface 

after the annealing process is 39% less than in the unannealed 

sample. The difference in height and in FWHM of the peaks is 70 

and 5. The spectrum shows a sloping of the erbium peak at the 

lower energy edge to indicate that metal-silicide was formed as 

erbium was diffused into silicon during the annealing process. This 

sloping is, however, not slanted as those observed in Figs. 1(b) and 

2(b). Unlike in the case of gold and platinum, the spectrum shows a 

peak on the silicon plateau at channel 150. This small peak shows 

that the sample was contaminated by either oxygen or carbon 

during the annealing process. This peak was expected to be slightly 

higher since erbium reacts vigorously with oxygen. However, it is 

found to be very low due to the very high vacuum in which the 

annealing process was carried out. The non-zero yield shown for 

gold and platinum is not observed in the case of the erbium- 

deposited sample. This shows that there was minimal mixing be- 

tween erbium and silicon atoms in the sample. This indicates that 

diffusion of erbium into silicon is minimal. This effect occurs 

because the oxygen occupies the silicon lattice long before erbium 

can and so the erbium concentration is only corresponding to the 

yield of 110. 

 

3.4. Niobium-deposited samples 

 

Fig. 4(a) shows the niobium peak falling off sharply at the low 

energy edge to indicate the abrupt silicide-silicon interface and a 

smooth silicide surface before the diffusion process. The thickness 

of the niobium layer deposited is found to be 1050 which gives an 

atomic concentration of 585.57 cm 2. The spectrum shows an ox- 

ygen peak on the silicon plateau at channel 150. This peak makes 

the best fit of the simulation not to be achieved for the silicon data. 

It can be noted from the figure that the height of the silicon plateau 

has increased slightly because of the oxygen peak. 

In plot (b), the height of the niobium peak is less than the one in 

plot (a). The niobium concentration remaining on the silicon sur- 

face after the annealing process is 56% less than in the unannealed 

sample. The difference in height and in the FWHM of the peaks is 

40 and 25. The sloping of the peak is also observed at the lower 

energy edge. This sloping is less steep than the one observed in 

Fig. 3(b) for the erbium-deposited sample, but less than those 

observed in Figs. 1(b) and 2(b) for the gold-deposited and 

platinum-deposited samples, respectively. The step observed at 

channel 270 indicates the formation of an impurity compound [30] 

at an energy of 1.11 MeV. This compound could be due to the re- 

action of silicon with either oxygen or carbon. Oxygen and carbon 

are elements known to contaminate the ingot during growth of 

silicon [31]. 

 

4. Overall discussions 

 
The RBS measurements show that prior to the annealing pro- 

cess, neither a metal-silicide nor an interface layer is formed be- 

tween the silicon and the metal layer. A simulation curve was fitted 

onto the spectra to determine the exact amount of metal deposited 

onto the samples. The RBS spectra obtained after the annealing 

process show a reduction of the metal peak. Apart from the spectra 

obtained from the erbium-coated sample, the spectra for other 

samples indicate a sloping of the metal peak at the lower energy 
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Fig. 3. RBS spectra obtained from the erbium-deposited samples prior to (a) and after (b) the annealing process. 

 

edge to indicate that a metal-silicide layer was formed when the 

metal was diffusing into the bulk of the silicon. The non-zero yield 

from the surface is more pronounced on the gold-coated and 

platinum-coated samples to indicate that there are considerable 

amounts of metal diffused into the bulk. From the erbium-coated 

sample, however, the non-zero yield is not observed to indicate 

that the diffused amount of erbium might be below the detection 

limit of the RBS technique. 

The RBS results presented here do not explain the depth profiling 

of the metal from the surface to the silicon bulk. They also do not 

indicate the profiling of the sample contaminants. It has to be 

noted that the sloping of the metal peaks at the lower energy 

edge and the non-zero yield that is observed mainly in Figs. 1(b) 

and   2(b)   cannot   be   explained   satisfactorily   by   the   results 

obtained from the RBS measurements. It is rather difficult to 

simulate the RBS spectrum when it has these features. Since the 

contaminants affect the properties of silicon and the diodes fabri- 

cated on it, the information regarding these contaminants should 

be acquired so that they can be minimized in the silicon bulk. Thus, 

another surface technique is required to supplement the results 

obtained from the RBS technique. 

 

5. Conclusion 

 
RBS measurements were carried out on our samples prior to and 

after the annealing process. The measurements indicate that 

considerable amounts of gold and platinum diffuse into silicon at 

the annealing temperature of 900  C for 18 h. The kick-out diffusion 
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Fig. 4. RBS spectra obtained from the niobium-deposited samples prior to (a) and after (b) the annealing process. 
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mechanisms dominate and the diffusion profile of the metals into 

silicon is U-shaped at this temperature [26,27]. Due to a very low 

solubility it has in silicon, the amount of erbium diffused might be 

below the detection limit of the technique. It has to be noted the 

exact amount of the diffused metal was not determined and the 

diffusion mechanisms of the metals in silicon were not determined. 

Hence, further studies with other techniques are needed. 

In all four cases the peak height has been reduced after 

annealing to indicate that the metal on the surface has either 

evaporated into space or diffused into the silicon bulk. For gold and 

platinum, the two curves meet to show a non-zero yield and this 

indicates that the atoms are well mixed. In turn, this shows that 

gold and platinum atoms have diffused well into the silicon bulk 

after annealing. The annealing times used are adequate to diffuse 

gold and platinum into silicon. 

In the case of erbium and niobium, the two curves do not meet to 

show a zero-yield indicating that atoms are not that well mixed. 

Thus, either very few erbium and niobium atoms have diffused into 

the silicon or the atoms have not penetrated much into the silicon 

bulk after annealing. The presence of the peaks in either case in- 

dicates that the metals have been detected close to the surface of 

the silicon. A better technique is required to determine the level of 

mixing. 

Detector diodes made from this type of material have been 

found to show a relaxation behaviour by using currentevoltage (Ie 

V) [8] and capacitanceevoltage (CeV) [32] characterization. Thus, 

this material is preferable for the fabrication of radiation-hard 

semiconductor detector. Metal doping is thus shown to be similar 

to irradiation, making either method superior in the fabrication of 

detector diodes. 
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