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CDUVTCEV< The application of off-axis electron holography to the measurement and 
interpretation of variations in electrostatic potential in doped semiconductors is described and 
reviewed. Both experimental measurements and computer simulations of electrostatic potentials 
in thin specimens are presented, and the degree to which parameters such as the built-in voltage 
and the depletion width across a p-n junction can be measured reliably is discussed. 

30""KPVTQFWEVKQP

There is a pressing need for the development of a reliable, high spatial resolution technique that 
can be used to obtain quantitative information about dopant distributions in semiconductors, both for 
the evaluation of process parameters and to provide input to simulations of dopant diffusion. Off-axis 
electron holography in the transmission electron microscope (TEM) offers the potential to provide 
such information. The technique, which is illustrated schematically in Fig. 1 and described in detail 
elsewhere (e.g. Dunin-Borkowski et al 2004), is used to record the phase shift of a high-energy 
electron wave that has passed through a thin (<1 µm) TEM specimen. In the absence of dynamical 
diffraction, the phase shift (x,y)  can be related to the electrostatic potential V(x,y,z) by the relation 

x ,y  CE V x ,y ,z dz  (1) 

where z is a direction parallel to the incident electron beam and CE is a specimen-independent 
constant that takes a value of 7.3 106 rad V-1 m-1 at a microscope accelerating voltage of 200 kV. If V
does not vary with z in a specimen of thickness t, and if there are no electrostatic fringing fields 
outside the specimen, then Eq. 1 can be rewritten in the form 

x ,y  CEV x ,y t x ,y  . (2) 

According to Eqs. 1 and 2, a phase image recorded using electron holography can be used to 
measure the potential in a semiconductor specimen, projected in the electron beam direction. The 
potential can then be interpreted to provide information about the distribution of electrically active 
dopant atoms. However, in practice phase images acquired from doped semiconductors are affected 
by the physical and electrical nature of the specimen surface. Furthermore, examination in the TEM 
can result in charging of the specimen. These effects can change the electrostatic potential in the thin 
specimen from that expected from its bulk properties, and must be understood if electron holography 
is to be applied to the characterisation of dopant distributions reliably and quantitatively. 
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Fig. 1.  Illustration of the setup used 
to generate off-axis electron 
holograms. The sample occupies 
approximately half the field of 
view. The field emission gun (FEG) 
electron source provides coherent 
illumination. The biprism causes 
overlap of the object and (vacuum) 
reference waves. The Lorentz lens 
provides an optimal field of view 
and interference fringe spacing. 

Fig. 2.  a) Schematic diagram showing the cross-sectional 
geometry of a TEM specimen that contains a p-n junction. tel is 
the 'electrically active' specimen thickness. The shaded areas at 
the top and bottom surfaces of the specimen represent 
electrically passivated (or depleted) layers, whose physical and 
electrical nature is affected by TEM specimen preparation. 
b)-d) are schematic diagrams of the electrostatic potential, 
electric field and charge density profiles, respectively, across 
an abrupt, symmetrical p-n junction. The sign convention for 
the potential is consistent with the mean inner potential of the 
specimen being positive relative to vacuum. 
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The electrostatic potential in a TEM specimen of a doped semiconductor comprises the mean 
inner potential V0 (which is related to the composition and density of the specimen and takes a value 
of ~ 12 V in Si), the depletion region potential Vd , and any electrostatic fringing fields that may be 
present outside the specimen surfaces. (According to this definition, the step in potential across a p-n
junction is associated with a variation in Vd  rather than V0 ; this distinction is subjective, and it would 
also be possible to define the step in potential in terms of a variation in V0). The dopant atoms are 
typically assumed to be electrically 'active' within specimen thickness tel , which is smaller than the 
total specimen thickness t as a result of the effects of surface depletion and specimen preparation. If 
this description, which is necessarily simplistic and phenomenological, is used, if fringing fields are 
neglected (this is not always a valid assumption), and if V0 does not change in the specimen in the 
electron beam direction, then Eq. 2 can be rewritten in the form 

x ,y  CE V0 x ,y t x , y  Vd x ,y tel x , y  . (3) 

The definition of tel , and the expected forms of the potential, electric field and charge density 
across a p-n junction (Sze 2002), are illustrated schematically in Fig. 2. The three graphs are drawn on 
the assumption that the 'transition region' on each side of the depletion region is negligibly small - an 
assumption that can be assessed experimentally (see below). According to Eqs. 1-3 and Fig. 2, n- and 
p-type regions in a doped semiconductor should be revealed in a phase image as regions of bright and 
dark contrast, respectively. 
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The first unequivocal demonstration of two-dimensional mapping of the electrostatic potential 
in an unbiased doped semiconductor using off-axis electron holography was achieved for 
metal-oxide-semiconductor (MOS) Si transistors by Rau et al (1999). More recently, electron 
holography results from similar transistors were compared with process simulations by Gribelyuk et al 
(2002). Figure 3a shows a contoured image of the electrostatic potential in a 0.35 µm Si device from 
this study. The contours correspond to potential steps of 0.1 V, and the B-doped regions are delineated 
clearly. The sample was prepared using tripod wedge-polishing and finished with low-angle Ar ion 
milling. Figures 3c and d show a comparison between simulations and line profiles obtained from 
Fig. 3a, both laterally across the junction and with depth. 'Scaled loss' and 'empirical loss' models, 
which account for B segregation into the oxide and nitride layers, are shown. The scaled loss model, 
which leads to stronger B diffusion, assumes uniform B loss across the structure, while the empirical 
loss model assumes segregation of B at the surfaces of the doped regions and provides a better match 
to the experimental results. Figure 3b shows a simulated potential map of the same device, based on 
the empirical loss model, which matches the experimental image in Fig. 3a closely. 

Fig. 3.  a) Electrostatic potential distribution in a 0.35 µm silicon MOS transistor, with a 
contour step of 0.1 V, recorded at 200 kV using a Philips CM200 FEG-TEM. 
b) Two-dimensional map of the potential determined from a process simulation based on the 
'empirical loss' model, with a contour step of 0.1 V. c) Lateral and d) depth profiles obtained 
from the image shown in a). Predictions from process simulations for 'scaled loss' and 'empirical 
loss' models are also shown. 
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Despite the success of studies such as that shown in Fig. 3, it is important to recognise that it is 
highly challenging to obtain such results reliably. The effects of specimen preparation, and in 
particular the electrical state of the specimen surface, may account for many of the anomalous results 
seen in early experiments. It is also difficult to interpret phase images quantitatively. For example, a 
phase image can only be used to determine an unknown value for the built-in voltage across a p-n
junction if the electrically active specimen thickness can be measured independently. In addition, a 
measured phase profile is remarkably insensitive to small changes in the charge density across a p-n
junction. Quantitative criteria that can be used to determine these parameters from measurements are 
rarely used to assess the electrical properties of devices within TEM samples. All of these issues must 
be balanced with three more general limitations on the geometry and quality of a TEM specimen that 
are essential for electron holography. First, the region of interest must lie within 1-2 µm of a region of 
vacuum to provide a reference wave that can be overlapped onto the specimen. Second, the specimen 
should be as uniform in thickness as possible, and it should be oriented to a weakly diffracting 
orientation to avoid the effects of diffraction contrast on the measured phase shift. Finally, charging 
due to secondary electron emission in the TEM, which can result in band-bending, junction biasing 
and fringing fields that can perturb the vacuum reference wave, should be minimised. 
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We begin by illustrating some of the issues that are encountered when electron holograms are 
acquired from TEM specimens that have been prepared using focused ion beam (FIB) milling. 
Although this technique is known to result in substantial gallium implantation and significant physical 
damage to the specimen surface, it has the advantage over polishing and cleaving of site-specificity, 
and it allows a region of vacuum for a reference wave to be machined close to the area of interest. In 
addition, an optimal, uniform specimen thickness for holography of 200-500 nm can be achieved with 
ease. As a result, it is used widely to prepare specimens for electron holography. 

Figure 4 illustrates two key issues that may be encountered when using off-axis electron 
holography to characterise a Si device, in which a series of transistors was located at a depth of 
several  µm below the surface of the wafer and separated from it by metallisation layers 
(Dunin-Borkowski et al 2005). Such transistors present a representative challenge for TEM specimen 
preparation for holography, both because the metallisation layers result in thickness corrugations in 
the doped regions of interest and because they must, at least in part, be removed to provide a vacuum 
reference wave. An additional difficulty arises from the possibility that the overlayers, which contain 
oxides, may charge during examination in the TEM. Conventional 'trench' FIB milling was used to 
prepare a specimen of nominal thickness 400 nm. A bright-field image of one of the transistors is 
shown in Fig. 4a. 

Figure 4b shows electron holographic phase contours recorded from region '1'. Instead of the 
expected phase distribution, which should be proportional to the mean inner potential multiplied by 
the specimen thickness, elliptical contours are visible in each oxide region, and a fringing field is 
present outside the specimen edge. These effects result from charging of the oxide due to secondary 
electron emission during electron irradiation. Figure 4c shows a similar image acquired after coating 
the specimen on one side with ~20 nm of carbon. Charging is now absent, there is no fringing field, 
and the contours follow the change in specimen thickness. Line profiles, generated along line '2' from 
the phase images that were used to form Figs. 4b and c, are shown in Fig. 4d. The dashed and solid 
lines correspond to results obtained before and after carbon-coating the specimen, respectively. The 
dotted line shows the difference between these lines. If the charge is assumed to be distributed 
throughout the thickness of the specimen, then the electric field in the oxide is 2 107 V/m. The effect 
of charging on the dopant potential is highly significant because the phase gradient in Fig. 4d 
continues into the Si substrate. As a result, the dopant potential is always undetectable before carbon 
coating, whether or not a phase ramp is subtracted from the recorded images. 

Thickness corrugations in the specimen result when regions that have a lower sputtering yield 
block a material that has a faster sputtering yield. A simple approach for removing the effect of these 
thickness variations is illustrated in Fig. 4e. In a phase image of the carbon-coated specimen, the 
thickness corrugations are prominent, and the doped region is barely visible as a region of faint dark 
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contrast. As the thickness corrugations are approximately straight, they can be inferred from the 
substrate and back-projected across the image. This image can then be subtracted from the original 
phase image to show the doped region more clearly. Alternatively, 'back-side' FIB milling from the 
substrate side of the wafer can be used. A further advantage of back-side milling is that charging 
effects are absent and carbon-coating is not required because of sputtering and redeposition onto the 
oxide during milling. 

Fig. 4. "a) Bright-field image of a focused ion beam milled (0.5µm gate) Si transistor of 
nominal thickness 400 nm. Thickness corrugations are visible in the substrate. The gates are 
tungsten silicide, while the amorphous layers above the gates are silicon oxides that have 
different densities. b) Eight times amplified phase contours obtained from the region marked '1'. 
Charging results in electrostatic fields outside the specimen and elliptical contours in the oxide 
layers. c) is the equivalent phase image obtained after coating the specimen on one side with 
20 nm of carbon. d) shows one-dimensional profiles obtained from the phase images along the 
line marked '2'. The dashed and solid lines were obtained before and after coating the specimen 
with carbon, respectively. The dotted line shows the difference between the solid and dashed 
lines. e) Phase images acquired from region '3'. The uppermost image shows thickness 
corrugations after coating the specimen with carbon [Black=0, White=9 rad]. The next image 
shows the thickness corrugations alone, inferred from the Si substrate below the doped region 
[Black=0, White=9 rad]. Below is the difference between these images, illustrating one 
approach for removing the effects of 'curtaining' from phase images. The doped region is now 
visible [Black=0, White=2.5 rad]. The lowest images shows the result of applying the same 
approach before coating the specimen with carbon. There is now a gradient in phase from the 
top to the bottom of the image, and the doped region is not visible [Black=0, White=20 rad]. 
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Different TEM specimen preparation techniques influence specimen charging in different ways. 
Figure 5 shows results obtained by McCartney et al (2002) from a 'wedge-polished' one-dimensional 
p-n junction in Si. The specimen was prepared from a p-type wafer that had been subjected to a 
shallow B implant and a deeper P implant, resulting in the formation of an n-type well and a p-doped
surface region. Phase images were obtained both before and after coating one side of the specimen 
with 40 nm of carbon. Phase profiles that had been obtained from the uncoated sample showed an 
initial increase in the measured phase shift on going from vacuum into the specimen (Fig. 5c). 
However, they then decreased steeply and became negative at large thicknesses. This behaviour was 
not observed after carbon coating (Fig. 5d), suggesting that it results from charging from the 
electron-beam-induced emission of secondary electrons, as in Fig. 4b. 

Fig. 5.  a) Phase image of a one-dimensional p-n junction prior to carbon coating. b) Phase 
image from a similar region after carbon coating. c) Phase profiles determined from uncoated 
specimens. At a distance of 180 nm from the top of the CoSi2 (grey region), the specimen 
thicknesses are A=250 nm, B=170 nm, C=120 nm and D=50 nm, measured from holographic 
amplitude images. d)  Phase profiles after coating. At 180 nm, the thicknesses are A'=280 nm, 
B'=220 nm, C'=160 nm and D'=85 nm. 
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The importance of assessing damage, implantation and specimen thickness variations in 
FIB-milled TEM specimens that contain p-n junctions has been discussed by Wang et al (2002a-c). 
One of these studies involved milling a 45° specimen thickness profile, from which phase images 
were used to determine that the built-in voltage across a junction with a dopant concentration of 
1015 cm-3 was 0.71±0.05 V, the specimen potentials on the p- and n-sides were 11.50±0.27 and 
12.1±0.40 V, respectively, and the electrically inactive layer thickness was 25 nm on each specimen 
surface.
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Similar issues are illustrated in Fig. 6 for a Si p-n junction comprising a B-doped layer on an 
Sb-doped substrate, with nominal dopant concentrations in excess of 1018 cm-3 (Twitchett et al 2002). 
Figure 6a shows a phase image of the junction, in which the p- and n-sides exhibit dark and bright 
contrast, respectively. A grey band along the specimen edge results from the presence of a depleted, 
passivated or damaged surface layer, which is seen in cross-section here but is thought to run around 
the entire sample surface. The specimen was prepared using FIB milling in 'trench' geometry, with the 
region of interest protected from gallium implantation and damage by depositing a Pt strap onto the 
wafer surface. As a result of the relatively large distance of 2.5 µm between the wafer surface and the 
junction, FIB cuts were made to provide a vacuum reference near the junction for holography, as 
shown in Fig. 6b. The microscope was operated at 200 kV to minimise the effects of knock-on 
damage, and the specimen was tilted by 1-2 ˚ from <100>, while keeping the junction edge-on to 
better than 0.2˚, to ensure that contributions to the contrast from dynamical diffraction were 
minimised. Figure 6c shows line profiles across the junction measured from phase images for three 
unbiased specimens. The profiles agree qualitatively with the expected variation in potential shown in 
Fig. 2. In contrast to Fig. 4b, no electrostatic fringing field is visible in Fig. 6a outside the specimen, 
which had not been carbon-coated, indicating that its surface is an equipotential. By comparing the 
contrast with predictions, and by measuring the specimen thickness using both convergent beam 
electron diffraction and holographic amplitude images, the recorded phase images were used to infer 
the presence of a layered structure in the TEM membrane, with amorphous outer surface layers 
surrounding inner, crystalline electrically inactive surface layers, themselves surrounding crystalline 
electrically active material, as shown schematically in Fig. 6d. An increase in the depletion width 
across the junction was also inferred to occur close to the specimen surface (Twitchett et al 2004). 
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Fig. 6.  a) Phase image reconstructed from an off-axis electron hologram of a Si p-n junction 
sample. The sample edge is at the lower right of the image. No attempt has been made to 
remove phase 'wraps' lying along this edge. The white line shows the region from which phase 
profiles were obtained. b) Schematic diagram showing the FIB cuts to the membrane, which are 
required to provide a vacuum reference wave close to the region of interest for electron 
holography. c) Phase profiles measured from three unbiased FIB-milled specimens of 
crystalline thickness 220, 270 and 390 nm. d) Schematic diagram showing, in cross-section, the 
physical and electrical structure of a TEM specimen inferred from this study. 
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The development of an approach that can be used to apply a bias to a semiconductor in situ in the 
TEM is of interest both for the characterisation of devices under operating conditions and to assess the 
validity of examining 'unbiased' specimens, parts of which may be floating. Unwanted contributions to 
the contrast from thickness variations and strain can also be removed by taking the difference between 
phase images recorded with different voltages applied  to the specimen. Figure 7a shows a TEM 
specimen holder, designed and built by E A Fischione Instruments, Inc., that allows a semiconductor to 
be examined under an applied bias, as well as allowing the sample to be transferred to a scanning 
electron microscope, a FIB workstation or an Ar ion miller in a universal cartridge. The cartridge is used 
to make contacts to the front and back surfaces of the specimen via a conducting block and a spring. 
Figure 7b shows the specimen geometry for biasing. A parallel-sided membrane is FIB-milled at the 
corner of a 1 mm 90o cleaved square of wafer. Figure 7c shows line profiles across the Si p-n junction 
described in Fig. 6, now obtained from phase images acquired with different reverse bias voltages 
applied to the specimen. The height of the potential step across the junction increases linearly with 
reverse bias. The measurements were used to infer the presence of 25±5 nm of electrically inactive 
crystalline material on each sample surface. Figure 7d shows a phase image obtained from a 90o cleaved 
wedge that had not been FIB-milled. An electrostatic fringing field is visible. Such fields are never 
observed outside unbiased cleaved wedges or any FIB-milled samples. The results in Fig. 7c are 
consistent between unbiased specimens and those to which contacts (but no voltage) were applied. 
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Fig. 7.  a) Design drawing of the end of an ultra-high-tilt two-contact cartridge-based biasing 
holder with a sample in the cartridge. b) Specimen geometry for biasing. The specimen is 
prepared by cleaving a 1-2 mm square of wafer, one corner of which is FIB-milled parallel to 
the wafer growth direction. c) Line profiles of the phase shift across the Si p-n junction, 
measured as a function of reverse bias for a sample whose crystalline thickness is 390 nm. 
d) Four-times-amplified cosine of the measured phase, showing the electrostatic fringing field 
in vacuum outside the position of the p-n junction in a 90° cleaved wedge that had not been 
FIB-milled, at a reverse bias voltage of 2 V. 
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The charge density across a p-n junction can in principle be derived from a measured potential 
distribution using Poisson's equation. It is also a sensitive measure of the effect of TEM specimen preparation 
on the properties of a semiconductor device. Unfortunately, as a result of the presence of noise, it is difficult 
to do this directly. A solution to this problem is to fit a simulation empirically to a phase profile, and then to 
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differentiate the fitted rather than the experimental profile to infer the charge density across the junction. The 
application of this approach to the phase profiles shown in Figs. 6c and 7c indicates that the transition regions 
on each side of the depletion region are 10-20 nm in extent, and more significantly that the fitted charge 
densities are a factor of ten lower than expected. The same approach shows that the charge density, which is 
expected to remain unchanged, increases with applied bias from the value measured for an unbiased 
specimen to a value much closer to that expected for this device. This observation suggests that some of the 
dopant that was passivated by specimen preparation may be reactivated by in situ biasing, which may be used 
to remove some of the damage to the electrical properties of a device caused by TEM specimen preparation. 

Commercial process simulation software has been used to simulate phase contrast from p-n
junctions, and to suggest that electron-beam-induced positive charging of the surface of a TEM 
specimen, at a level of 1013 to 1014 cm-2, may create an inversion layer on the p-side of the junction 
and explain the absence of fringing fields outside the specimen surfaces (Beleggia et al 2001). 
Figure 8 shows alternative simulations, in which semi-classical equations that describe the charge and 
potential in a parallel-sided Si sample that contains a p-n junction are solved with the Fermi level on 
the specimen surface set to ensure that it is an equipotential (Somodi et al 2005). The simulations 
show that, as either the dopant concentration or the specimen thickness decreases, a correspondingly 
smaller fraction of the specimen retains electrical properties that are close to those of the bulk device. 
The average step in potential across the junction through the specimen thickness, which is found to be 
insensitive to the surface state energy, is reduced from that in the bulk device. This reduction is 
greatest for low sample thicknesses and dopant concentrations. As a result of additional complications 
from oxidation, physical damage and implantation, these simulations are likely to underestimate the 
true modification of the potential in a TEM specimen from that in the original device. 

Fig. 8.  Computer simulations of 
electrostatic potential 
distributions in parallel-sided Si 
specimens of thickness 300 nm 
containing abrupt, symmetrical 
p-n junctions formed from a) 1017

and (b) 1016 cm-3 of Sb (n-type) 
and B (p-type) dopants. The 
potential at the specimen surfaces 
is set to 0.7 eV above the Fermi 
level. Contours of spacing 0.05 V 
are shown. The horizontal scale is 
different in each image in order to 
show the variation in potential 
close to the position of the 
junction. The simulations were 
generated using a 2-dimensional 
rectangular grid. 
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The examples described above show that further work is required to obtain a full understanding 
of the effect of TEM specimen preparation on results obtained from semiconductor devices using 
electron holography. Electrical biasing experiments for the in situ examination of working devices 
using electron holography are possible. For unbiased specimens prepared using FIB milling, results 
obtained with and without electrical contacts to the active regions of the device are identical to within 
experimental error. The effect of specimen preparation is likely to be different for different doped 
semiconductors. For example, Fig. 9 shows that FIB milling affects GaAs p-n junction specimens 
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much more strongly than similar Si specimens. One of the most exciting developments in electrical 
holography, which may be used to understand these issues and to provide quantitative information 
about three-dimensional nanoscale doped regions in semiconductors, is the application of the 
technique together with electron tomography to provide three-dimensional information about 
electrostatic fields in materials. Figure 10 shows a preliminary result illustrating the measured three-
dimensional potential inside an FIB-milled TEM specimen containing a p-n junction directly. The 
results illustrated in Figs. 9 and 10 are described in more detail elsewhere in these proceedings. 

Fig. 9.  Phase profiles measured from an FIB-milled GaAs 
specimen of crystalline thickness 470 nm (black), and 
predicted on the basis of the expected built-in voltage 
across the junction (grey). The inferred total crystalline 
dead layer thickness is 350 nm. 

Fig. 10.  3-D electrostatic potential in a 
specimen prepared using FIB milling in 
a geometry similar to that in Fig. 7b 
measured from electron holograms 
acquired every 2° over ±70°. 
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