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IMAGING ELECTRIC FIELDS AT NANOMETER LENGTH SCALES

Semiconductor p-n junctions 
are basic building blocks 
or de ices like transistors  

solar cells  a alanc e 
photodetectors or light 
emitting diodes. To implement 
the junction  the electrical 
properties of semiconducting 
materials are engineered 
by adding just very few (less 
than 1%!) dopant atoms that 
donate or accept an electron 
to the conduction or from the 
valence band  respectively. n 
this way  the density of mobile 
charges in the semiconducting 
material can be tuned over 
several orders of magnitude.  

It is very well known that a tran-
sition from a region with one type 
of dopant (donors or acceptors) 
to the other kind will generate a 
depletion region with almost no 
free charges t an electric eld  
a so-called p-n junction, giv-
ing rise to interesting properties 
such as rectifying current volt-
age characteristics and poten-
tially light emission, for example 
in light emitting diodes. However, 
challenges remain to control and 
measure the electrically active 
doping levels in semiconducting 
materials with nm precision. 
One aspect of a p-n junction is 
its abruptness: how fast the tran-
sition from one dopant atom to 
the other is made. This proper-
ty in uences the electric eld 
strength present at the junction 
and thereby the characteristics 
of a device made from the junc-
tion.

Transmission Electron Microsco-
py (TEM) is interesting with re-
gards to dopant characterization 
due to its high spatial resolution 
from few nm to atomic spatial 
resolution, as well as the penetra-
tion through the sample (hence 
transmission). When an electron 
probe traverses a region in the 
sample containing an electric 

eld in the plane of the sample, 
the electrons are de ected by the 

eld. This beam de ection can 
be measured very precisely if an 
image of the transmitted probe 
is made at each scan location of 
the probe on the sample, while 
scanning the sample point by 
point with a nm sized probe and 
making nm sized scanning steps. 
This technique is referred to as 
4D-STEM, see Fig. 1. Because the 
technique is sensitive only to the 
projected electric eld, only elec-
trically active dopants will be 
contributing to the signal.
However, material contrast does 
contribute to the signal, but is in-
variable with applied bias.

In this work, in collaboration with 
colleagues at CEA Grenoble in 
IRIG and LETI at the Nano Char-
acterization platform (PFNC), we 
have performed such experi-
ments on a p-n junction in sil-
icon, using a very high quality 
and fast direct electron detector, 
as well as electrical contacts to 
the p-n junction thin lm sam-
ple. The contacts to the sample 
allow measuring the internal eld 
as a function of applied exter-
nal bias voltage, see Fig. 2. From 

the measured electric eld map 
at each applied bias voltage, we 
can calculate the charge densi-
ty map. We have then compared 
the measured electrical prop-
erties (electric eld and charge 
density) with calculated ones as-
suming either a perfectly abrupt 
transition from p to n dopants, or 
a linearly graded one. Our anal-
ysis showed that the junction 
under study could be rather well 
approximated by a linear grad-
ed junction. This work shows that 
quantitative electrical informa-
tion at nm length scale is possible 
by 4D-STEM and that this power-
ful technique allows to probe the 
doping pro le in semiconductors 
determining their electrical prop-
erties. This work was carried out 
at the TEM in PFNC in CEA. The in-
stallation of two new state of the 
art TEM’s both at Institut Néel and 
at the PFNC will certainly boost 
this activity and will allow ob-
taining even better-quality elec-
trical eld maps on semicon-
ducting samples, further improving 
signal to noise as well as spatial  
resolution.
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Figure 1: Concept of a 4D-STEM 
experiment performed in a sili-
con p n junction with electrical 
contacts.

Figure 2: (a) In situ biased 
4D-STEM electric eld maps 
of the silicon p n junction for 
different applied bias voltage. 
(b) Pro les of the electric eld 
obtained from (a) by integration 
along the entire map length, as 
indicated in (a). The measured 
depletion length for zero bias is 
indicated by Wd.
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