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Abstract— SE dopant contrast in low voltage scanning electron 

microscopy has been used in semiconductor industry to 

distinguish between differently doped regions. The DC effect 

normally causes p-doped semiconducting material to appear 

brighter than n-doped in LVSEM. However, some published 

results had shown an inverted contrast without presenting a 

clear physical interpretation of this phenomena. In this paper, 

we report on some experiments that support the proposal that 

the SE dopant contrast in Low Voltage Scanning Electron 

Microscopy (LVSEM) is due to the establishment of surface 

contacts. The obtained results demonstrate that the DC can be 

inverted due to featuring metal-oxide-semiconductor (MOS). A 

new model is reported for the first time to explain the inverted 
obtained DC.  

Keywords— Secondary Electrons, SEM, LVSEM, SLEEM, 

Dopant contrast, Metal, Oxide, Semiconductor, MOS Structure.    

I. INTRODUCTION  

One of the most important areas of applications of 
LVSEM in research and industry, is its ability to detect a 
distinct contrast between differently doped areas of 
semiconductors.  The short range of the low-energy incident 
electrons of this mode tends to confine the interaction 
volume with the solid under study to its uppermost part 
(normally in the range of 20-30 nm for electron energies <1 
keV. This is also the region of the sample which is normally 
doped to produce an electronic device, particularly the 
modern types. Although detecting doped regions in 
semiconductors in the SEM was first reported in 1967 by 
Chang and Nixon[1]. 

The method only gained its popularity in the last thirty years. 
This is due to the large improvements in electron optics of 
the probe forming and detection parts. The use of field 
emitters (including Schottky type emitters) as a high 
brightness electron cathode in modern SEMs and its 
requirement of improved vacuum environment has aided in 
the observation of the small differences of secondary 
electron (SE) signal from differently doped regions [3].  

There had been a number of theories put forward 
attempting to interpret the mechanism of the SE dopant 
contras. One of the theories has been shown that SE dopant 
contrast is quite sensitive to the surface structure, and M-S 
contact is almost the dominant contrast mechanism in high 
vacuum environment [2].  

In this paper, to further investigate surface structure 
effects on SE dopant contrast, differently doped Si surfaces 
were investigated. The presence of a thick surface oxide 
grown naturally or during the process of sample preparation 
has been considered. This layer of oxide works as an 
insulator between the semiconductor and the adsorbed 
carbon layer on the surface in the SEM during investigation,  
forming a type of MIS structure which specified as a MOS 
structure. The effect of this structure has been examined at 
different beam energies. We then discuss these results in the 
context of the MOS structure model. 

II. EXPERIMENT 

The specimen used in this work is SRL patterned n-Si, that 

contains p+ and n+ doped areas. It consists of n-type 

substrate of Si doped with a phosphrous ( ~1015 cm-3), doped 

with As to 2.5x1020 cm-3 forming n+ regions to a depth of 

0.25µm and B to a level of 8x1019cm-3 forming p+ regions to 

depth of 0.3µm. The depth of the doped regions is quite 

sufficient to confine the electron penetration to be within the 

doped region during plan-view observation.    

This sample has been investigated in the Vega SEM 

converted to operate in the SLEEM mode.   
The native oxide was thinned by ultrasonic cleaning in IPA 

followed by dipping in 10:1 H2O:HF. A SLEEM mode was 

used to image the sample at a variety of beam energies. The 

SEM was equipped with in lens-detector for the acquisition 

of the SE signal. 

In order to allow a substantial oxide layer to grow, the 

samples were stored in air at atmospheric pressure for 

several months prior to the experiments. The shown set of 

images were carried out on the oxidized samples. The 

specimen chamber pressure of the Vega SEM is ~4x10-3Pa. 

Therefore at such pressure, an induced hydrocarbon layer 
must exist above the naturally grown oxide layer. 

 

III. RESULTS 

    Upon imaging the oxidized sample at different landing 

beam energies of 280eV, SE images indicate that at low and 

very low landing beam energies both the p+  and n+ have a 

greater SE emission than the n areas. Moreover, the 

observed contrast p+/n is higher than the n+/n. However, a 
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DC inversion was obtained at higher beam energies 

˃1.5keV (see figure 1).  

The calculated contrast values are shown in figure 2. This 

figure shows that the inverted contrast of n+/n is obtained at 

slightly higher beam energy than p+/n DC inversion. 

 
 

 

 
 

 

 

 

                

     

Fig.1. A comparison of micrographs acquired in conventional SEM 

converted into the SLEEM mode by the in-lens detector at different landing 

energies(images to the left at EL=1keV), (images to the right at EL=4keV) 

 
Fig. 2. Contrast as a function of beam energy collected in the SLEEM 

mode. Obviously inverted contrast of n+/n structure is obtained at slightly 

higher beam energy than the required energy to obtain inverted contrast of 

p+ /n. 

 

IV. DISCUSSION 

The results shown above clearly indicate that the surface 
structure have a major effect on the DC. The cause for this 

is the MOS structure. It is well known that the deposition of 

material on the surface will have different effects on the 

band bending which is considered one of the factors causing 
DC [4]. Therefore, the different yield of SE signal generated 

from differently doped regions and as a result the contras is 

thought to be governed by different surface energy barriers 

that emitted SE facing. The possibility that different band 

bending and hence, different energy barriers may explain 

the different behavior under the primary electron beam as 

following: 

MOS model 

 

The above explanation of MOS formation and its effect of 

the observed SE contrast can be demonstrated in energy 

band diagrams adopted from Sze (1985),[5]. Figure (3) 

depicts the energy band diagrams for p+, n+ and n doped Si 

forming MOS structure with metal of work function higher 

than that of Si such as in carbon case. 

Consider the case of a metal work function Φm ˃ ΦSi , and 

p+doped Si, when these are brought into contact with the 
presence of interface oxide layer, the Fermi level must be 

constant and the vacuum level must be continuous. To 

accommodate the work function difference, the 

semiconductor bands bend up as indicated in figure (3a). 

Thus, the metal is negatively charged and the semiconductor 

surface is positively charged, both charges are adjacent to 

the oxide layer. So an electric field is created within the 

metal- oxide- semiconductor (MOS diode). Since electrons 

are depleted at the semiconductor surface, very few 

electrons are present in the conduction band. Therefore, the 

source of SEs generated from p+ doped Si ( at low and very 

low beam energy not far from thermal equilibrium) is 
considered as the electron energy level below the valence 

band. The energy required to release SEs from p+ is labeled 

as Ep+. 

On the other hand, in the case of n doped Si, the metal is 

positively charged and a negative charge appears on the 

semiconductor side, causing band bending downwards, thus 

the created electric field is opposite to that in the previous 

case. In this case two sources of SEs, one source is from 

impurity states just above the valence band and the second 

source depends on doping concentration within the valence 

band, figure(3b). 
The n+ doped Si is similar to n–type. However, the 

accumulated charges and hence the created electric field are 

higher than those on n-doped Si. Thus,(at low and very low 

beam energy) SEs source is considered as the energy levels 

just above Fermi level and the conduction band, figure(3c).    

 

The previous energy band diagram works well at thermal 

equilibrium and during impinging the structure with low and 

very low electron beam energy. However, applying high 

voltage electron beam is -probably equivalent to biasing the 

metallic top layer with a negative voltage (V<0) caused by 

excess negative charge build up on the surface of the 
samples[6]. The negative potential of the surface can reach 

very high values up to the potential of the electron gun [7]. 

In the case of n and n+doped regions, since bands bend 
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downward [5], thus applying a negative potential (estimated 

to be >1.0 kV) leads to the ideal flat band condition in n-

type Si due to attracting holes to the si-oxide interface which 

recombine the accumulated negative charge gradually. 

While slightly higher voltage is required to get the flat band 

condition in n+ doped region to compensate the larger 
accumulated charges here. Increasing the applied negative 

voltage to the metal layer would bend the bands near the 

semiconductor surface upward due to accumulation of holes 

near the oxide semiconductor interface. Therefore, the 

energy bands bend upward in n-type Si at beam energy ~ 

1.2keV. As a result n appears brighter than p+  at high beam 

energies (≥1.2keV), while n+ doped Si requires slightly 

higher beam potential to bend energy bands upward. Thus, 

an inverted contrast of p+ compared with n appears at 

slightly higher beam energy (≥2keV). 

On the other hand, due to the enhanced positive charge that 

accumulated near the Si-Oxide interface in p+ doped region, 
band bending upward would increase significantly with 

increasing beam energy. Fig. 5 shows the energy band 

diagram of p+, n+ and n doped regions within the MOS 

structure at high beam energy (≥ 2 keV).  

 

 

          

 
Fig. 3.  The Energy band diagram of a MOS diode formed between doped 

Si and metal layer of work function larger than that of Si ( Фm > Фs), in 

thermal equilibrium. 

 

 
 

Fig. 4. Charge distribution within MOS structure at equilibrium 

( This applies at low and very low beam energy) 

 

 
Fig. 5. Energy band diagrams of a MOS diode formed between doped Si 

and metal layer of work function larger than that of Si (Фm> Φs), showing 

the upward bending of energy bands caused due to positive charge 

accumulation at the Si surface after impinging with high energy electron 

beam (˃ 2 kV). 

 

 

V. CONCLUSION 

A contrast from n+ and p+ doped Si samples was observed 

at low and very low beam energy and it is reversed above 

1.5keV. SE images have shown that n+/n contrast has 

inverted at slightly higher beam energy compared with 

inverted contrast of p+/n. the variation of SE emission and 

hence contrast inversion is attributed to sub-internal electric 

field within MOS structure. It also predicts that the contrast 

must be dependent on metal and oxide layer thickness. 

Although the oxide layer is always present at the surface, 

electrons can easily tunnel through it if it is very thin. 

Therefore, the M-S contact governs  the SE emission. On 
the other hand, if the oxide layer was thick, the inverted 

contrast can be seen at low beam energy. In the extreme 

case i.e when the oxide layer is much thicker( few microns), 

the contrast may be masked as reported by Jayakody[4]. 

While if the carbon layer is thicker than in this study, the 

reversal of contrast will be shifted to higher beam energy. 
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