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Abstract 

Comparison of TRIM simulations with measurements of the energy lost to electronic and 
nuclear stopping processes using 1 00% internal carrier collection efficiency silicon 
photodiodes shows a large, systematic overestimation by TRIM of electronic energy loss. 
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Introduction 

Silicon detectors are used in a wide range of applications, from photodiodes to ion and 
electron detectors. In the space environment, these detectors are exposed to ambient ions, 
which will deposit energy through electronic energy loss processes (excitation and ionization 
of target electrons) and nuclear energy loss processes (Coulombic collisions with silicon 
nuclei). Electronic energy loss results in electron-hole pair creation, and measurement of the 
total number of electron-hole pairs generated by an incident ion allows direct measurement of 
its energy if the ion species is know. Nuclear energy loss, which is dominant at low ion 
energies, results in physical damage, which ranges from the creation of FrenkeI defects to the 
formation of focally amorphous regions. This damage, which is also important at the end of 
the ion range for high energy ions, can severely degrade the electrical performance of a 
detector. 

In order to understand the charge magnitude expected for detection of low energy ions by 
solid state detectors and to understand the damage induced by low energy ions, we have 
previously bombarded thin (-60 A SiOz) window, 100% internal carrier collection efficiency 
photodiodes with '1-60 keV ions and measured the total energy lost to electronic and nuclear 
stopping processes E1 1. The results show a systematic dependence on electronic stopping, 
which can be represented by a single, universal curve. Here, we compare these results to data 
derived by others at higher energies using solid state detectors. Additionally, we compare the 
results obtained using the Stopping and Range of Ions in Matter (SRIM) Monte Carlo 
simulation [Z], which is broadly used to predict both damage and electron-hole formation by 
energetic ions in rniaterials. 

Significant Results 

The unique characteristics of the thin window, 100% internal collection efficiency 
photodiodes allows the accurate measurement of the total amount of energy lost to electronic 
and nuclear energ,y loss processes by low energy ions [1,3,4]. We have previously measured 
H, He, C, N, Ne, rind Ar ions at energies from 1 keV to 60 keV and found a general universal 
representation for the total energy lost to electronic stopping processes [ 11. For this study, we 
have compared our data to the data obtained by others who used thick window solid state 
detectors to measure the pulse magnitude of ions at much higher energy than used in this 
study. In Fig. 1, the fraction f i  of the total energy lost to electronic energy loss processes is 
shown as a fbnction of (V/VB~~~)/ZO*''I, where VBoht is the Bohr velocity. In addition to our data, 
Fig. 1 also shows Sattler data [ 5 ]  in which the pulse magnitude of silicon recoils fiom neutron 
irradiation was compared with incident electrons and Wilkins et al. data [6] for Cu, Au, and 
U incident on thick-window solid state detectors at energies up to 26 MeV. For (v/v&hr)/~'57 < 
0.3, the data fall along a single curve that corresponds to 



Fig, 1. The fraction of the total energy lost to 
electronics energy loss processes is shown as a 
function of where v w  is the Bohr 
velocity and Z is the atomic number of the incident 
ion. For ( V / V ~ ) / ~ ? ~ ~  < 0.3, the data fall along the 
red line. 
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Fig. 2. The predicted energy lost to electronic 
stopping processes using the SRIM Monte Carlo 
simulation are shown as a %notion of ( V / V ~ ~ ~ ) / Z ~ ~ ~ .  
The simulated values systematically deviate fiom the 
universal fit to the data shown in Fig, 1 (red line). 

This universal curve is shown as the red line in Fig. 1. Our measurements, obtained at 
energies at and below 60 keV, are in excellent agreement with the heavy ion data obtained at 
much higher energies, illustrating the universal nature of Equation 1. 

Figure 2 shows the computed the energy lost to electronic stopping using the SRIM Monte 
Carlo simulation code [23. The computation was performed using SRIM in the full cascade 
mode and tracking the percent of the energy (fkom both the incident ion and recoils) lost to 
ionizing events. For H, N, Si, and Ar, the SRIM results follows a systematic trend that deviates 
from the universal (red) curve that was derived from the data in Fig. 3 by a factor of three at 
the lowest energies and converges with the universal curve at ( V / V ~ ~ ) / ~ ? * ~ ' I  < 0.3. 
Interestingly, the Ille results from SRIM follow the universal curve; at the lowest He energy& 
is 19% higher than the universal curve while fE is approximately 60% higher than the 
universal curve for H, N, Si, and Ar. 



Conclusions 

We have found excellent agreement with our data and others showing a universal 
representation of the fraction of the total energy lost by an incident ion to electronic stopping 
processes. This is an important result, since the universal curve can be applied to 
quantitatively predict electron-hole pair creation and damage in silicon. In comparing the 
universal curve to SRIM simulations, we conclude that SRIM is reasonably accurate in 
estimating the energy lost to electronic energy loss processes for He in silicon but dramatically 
overestimates this energy loss for H, N, Si, and Ar, This quantitative result agrees with range 
studies that infer a significant overestimation by SRIM of the electronic stopping [7] at low 
energies. 
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