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Off-axis holography has successfully revealed the built-in potential in highly dopedpn-junctions, making
holographic phase retrieval in transmission electron microscopy(TEM) a prospective tool for imaging the
electrostatic potential in a semiconductor sample or device. The effect of electron-hole pair generation during
electron illumination and the presence of defect rich amorphized sample surfaces in a TEM sample on the
electrostatic potential is investigated for the test case of an electrically active grain boundary and apn-junction
in silicon by numerical simulation. In the case of the grain boundary, the pair generation in the electron beam
leads to significantly increased recombination currents into trap state defects. As a result, the trapped charge in
the defects is decreased and the potential drop around the electrically active defect is considerably reduced, for
electron-hole pair generation rates typically present in a TEM experiment even below the detection limit of
holography. In the case ofpn-junctions distorted potential maps are predicted for dopant densities smaller than
1017 cm−3.
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I. INTRODUCTION

Holographic imaging in transmission electron microscopy
(TEM) has proven to be a powerful tool for imaging varia-
tions in a sample’s inner potentialV0. Electron wave phase
images taken by off-axis holography ofpn-junctions in FET
devices,1,2 and measurements of the phase maps of biased
bipolar pn-junctions3 have demonstrated that the method is
capable of reproducively revealing small spatial variations in
the electrostatic potential of dopant profiles.

Accuracy limits for the method are described mostly in
terms of instrumentation limits and imaging artifacts specific
to the method as well as detection limits, especially for the
case of high resolution off-axis holography.4,5 Artifacts re-
lated to sample imperfectness are also described in literature:
surface charging and surface “dead layers”2,3 had to be con-
sidered for a proper quantification of thepn-junction poten-
tial. Both factors are reported to be sensitive to specimen
preparation.1,3,6 It will be shown in this paper that the quan-
tification can be further complicated by the the invasive na-
ture of the experiment, namely the interaction of the irradi-
ating electron beam with the sample. Especially the
interaction between electrically active defects at structurally
or chemically heterogeneous interfaces and electron-
generated excess charge carriers has to be taken into account.

An example where the phase map translated into an elec-
trostatic potential map contradicts expectations is given in
Fig. 1. The 1k31k CCD image in Fig. 1(a) shows an off-
axis hologram taken from a nearly symmetricalk110l tilt
boundary with a small twist component of approx. 2° in a
Czochralski-grown silicon bicrystal. Figures 1(b) and 1(c)
shows the amplitude and the phase of the transmitted elec-
tron wave, corrected by the vacuum reference hologram(see,
e.g., Ref. 4 for a description of the reconstruction procedure).
The amplitude profiles perpendicular to the grain boundary
(Fig. 2) show little amplitude variation since care was taken

to assure kinematical diffraction conditions. The peak phase
shift of 1.1 radians(Fig. 2) in the phase image can be trans-
lated into a potential drop of the the inner potential of ap-
proximately 1.2 eV, using the phase change from the sample
edge to the vacuum and the experimentally determined mean
inner potential of 9.3 eV for bulk silicon7 for calibration. The
phase map, therefore, implies the result of a potential drop
larger than the band-gap energy. Furthermore, the width of
the phase change peak around the grain boundary is signifi-
cantly smaller than the typical screening length for the po-
tential of charged particles(Debye-length) of approximately
150 nm for the doping level in the order of 1016 cm−3. The
mismatch in the potential barrier height and width, therefore,
make the assignment of the phase image to a grain boundary
potential barrier implausible.

Apart from structural inhomogeneities, which give rise to
phase shifts of the electron wave due to compositional
charge density modulations, the potential maps may be af-
fected by a number of effects that render a TEM holography
experiment an invasive type of experiment. First, the sample
is a thin foil containing the previously mentioned surface
defects which can be charged during the experiment. Second,
the electron beam produces electron-hole pairs on its passage
through the sample. Consequently, the spatial charge density
associated with free charge carriers, defects and charged dop-
ant sites may take a stationary equilibrium different from the
undisturbed device. The experimentally acquired phase maps
under illumination with high energy electrons will, therefore,
not be linked directly to the dopant concentrations or defect
charges in the undisturbed case.

For a concise quantification of the phase maps in terms of
the electrostatic potential, the stationary charge density com-
prised of free charge carriers and spatially located charged
defects and the electrostatic potential have to be calculated in
a self-consistent manner including for charge carrier genera-
tion and recombination. The following theoretical study
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demonstrates the effect of the charge carrier equilibration on
the electrostatic potential around grain boundary defects and
bipolar pn-junctions in silicon including both the surface ef-
fects and the illumination effect.

II. NUMERICAL SIMULATION

A. Description of experiment

Figure 3 gives a pictorial representation of the model
which formed the basis for the simulation of the electrostatic
potential and the charge carrier equilibration. The figure also
depicts the relevant geometrical dimensions: The thicknesses
t of the sample andt8 of the damaged surface layers, the
distanceL /2 of the examined region from contacts to the
specimen holder and the locally confined illumination spot of
diameteru where excess charge carriers are produced.

The following simplifications were made in the numerical
simulations:(1) The surface of the silicon TEM sample is
idealized as a heterojunction between crystalline silicon(c-
Si) and amorphous silicon(a-Si). Single crystalline silicon
parameters were attributed to the crystalline material and pa-
rameters typical for defect-rich amorphous silicon of poor
electrical quality were assumed for the amorphous layer part.

Representative data can be taken, e.g., from Ref. 8 for crys-
talline silicon and Ref. 9 for amorphous silicon.(2) The con-
tacts at the sample boundary to the left and right show ohmic
behavior, i.e., the charge carrier concentrations were kept
constant at these contacts irrespective of the charge carrier
generation.

The generation rate for electron-hole pair creation is as-
sumed constant because of the high kinetic energy of pri-
mary electrons and the small sample thickness. The follow-
ing section gives an estimation for the order of magnitude of
the electron-hole pair generation rate in the sample.

B. Generation rate for excess charge carriers under electron
irradiation

During its passage through the TEM sample, the high en-
ergy electron beam suffers from inelastic scattering. Apart
from radiation damage in the form of displaced atoms and
vacancies, the high-energy electron will lose energy due to
ionization and leave a trail of electron-hole pairs in a semi-
conductor. In order to estimate the magnitude of the charge
carrier generation terms for electronssGnd and holessGpd,
the energy loss as a function of the penetration depthx can
be derived from the Bethe-Bloch equation10

FIG. 1. (a) Off-axis hologram of a bicrystal grain boundary(gb) in silicon. (b) Amplitude and(c) phase reconstructed from the sideband
in the FFT of the hologram.

FIG. 2. Phase and amplitude profile taken perpendicular to the
grain boundary in the box indicated in the phase image in Fig. 1(c).
The amplitude of the hologram fringes is normalized to the ampli-
tude in a reference vacuum hologram. The steep gradient in the
phase profile is due to the thickness change in the wedge shaped
TEM sample.

FIG. 3. Schematic model used for the numerical simulations. A
thin TEM sample with a thicknesst and defect surface layers with
thicknesst8 contains a singularity, e.g., apn-junction or a grain
boundary, in the center of the region of interest. Electron-hole pairs
are generated in the region transmitted by the electron beam.
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correction for high particle energies. According to Eq.(1) the
average energy lossDE of a 200 kV electron on its passage
through a 100 nm thick silicon film amounts to 78.6 eV. This
energy loss is mainly caused by plasmon creation and
electron-hole pair creation. In this study, equipartition into
plasmon energy loss and pair creation energy loss was as-
sumed. Taking the typical electron-hole pair creation energy
I of 3.6 eV one incident 200 kV electron will then produce
on average one electron hole pair after each 10 nm of pen-
etration depth.

With an electron beam current densityjBC and a sample
thicknesst the electron hole pair generation rate amounts to

Gn = Gp =
1

2

jBCUdE

dx
U

eI
. s2d

The beam current density of the electron probe in a
Schottky type field-emission transmission electron micro-
scope on the sample is typically in the order of a few nA
confined to an area of a fewmm2. Taking a sample thickness
of 100 nm, a beam current of 1 nA and a circular illuminated
area diameter of 2mm results in a generation rateG=Gn,p
=8.631023 cm−3 s−1.

In comparison, the generation rate under complete absor-
bance of an Air Mass 1.5 solar standard radiation spectrum in
silicon corresponds toG=2.631021 cm−3 s−1. Thus, the
electron-hole pair generation rate in a TEM is typically or-
ders of magnitude higher than in an experiment with optical
white light irradiation.

C. Basic equations

This section briefly surveys the basic equations for the
numerical simulations. An indepth description is given in,
e.g., the textbook by Selberherr(Ref. 8) on the numerical
analysis of semiconductor devices. The electrostatic potential
fsrWd and the charge densities of free electronsnsrWd and holes
psrWd were calculated by numerical solution of the Poisson
equation coupled to the continuity equations for electrons
and holes:

DfsrWd =
e

««0
sND

+ srWd − NA
− srWd + psrWd − nsrWd + QsrWdd, s3d

]nsrWd
]t

= −
1

e
¹ jnsrWd + GnsrWd − RnsrWd, s4d

]psrWd
]t

=
1

e
¹ j psrWd + GpsrWd − RpsrWd. s5d

Here,e is the elementary charge,« the vacuum dielectric
permittivity and«0 the static dielectric permittivity.ND

+ srWd is
the density of ionized donor atoms, andNA

− srWd the density of
ionized acceptor atoms.QsrWd is an additional term represent-

ing the charge trapped in defects.GnsrWd and GpsrWd are the
volume generation rates for electrons and holes, respectively,
andRnsrWd andRpsrWd their volume or interface recombination
rates.

Carrier concentrations were calculated using Boltzmann
statistics for nondegenerate semiconductors with parabolic
band edges:

nsrWd = NC expS−
ECsrWd + efsrWd − hsrWd

kBT
D , s6d

with the Boltzmann constantkB and the equilibrium tempera-
tureT. NC is the effective density of states at the conduction
band edge andECsrWd the conduction band edge energy andh
the quasi-Fermi energy of the electrons.

Similarly, with the effective density of statesPV at the
valence band edge, the valence band energyEVsrWd and the
hole quasi-Fermi energyc :

psrWd = PV expSEVsrWd + efsrWd − csrWd
kBT

D . s7d

The drift-diffusion current densities for electrons,jnsrWd,
and for holes,j psrWd, are given within the framework of the
Boltzmann transport theory by the classical approximation

jnsrWd = − enmn ¹ fsrWd − eDn ¹ nsrWd, s8d

j psrWd = epmp ¹ fsrWd − eDp ¹ psrWd. s9d

Here,mn and mp are the electron and hole effective mo-
bility, Dn=−mnskBT/ed and Dp=mpskBT/ed their diffusion
constants.

Trap assisted extrinsic recombination dominates in indi-
rect band-gap semiconductors and the recombination rates
Rnspd where therefore calculated using the Schockley-Read-
Hall (SRH) recombination rate equations11,12for mid-gap de-
fects. Ohmic contacts and surface recombination terms were
introduced to satisfy the boundary conditions at the model
boundary or inner interfaces. The surface recombination
rates were calculated from a modified SRH recombination
expression for trap assisted recombination, parametrized by
surface recombination velocitiesve for electrons andvh for
holes.13 For numeric computation, the set of Eqs.(3)–(5) was
solved iteratively using a finite difference approach follow-
ing the Scharfetter and Gummel approach(see Refs. 8 and
14 for a detailed description) with nonequidistant mesh spac-
ing.

III. SIMULATION RESULTS

The numerical simulations were separated into two one-
dimensional problems in order to reduce the complexity. The
first one deals with the effect of a surface damage layers on
a homogeneous crystalline silicon layer. The spatial coordi-
nate for this model is parallel to the transmission direction,
i.e., thez-coordinate in Fig. 3. The second set of simulations
treats the influence of the electron-hole pair generation on
potential maps of a defect structure or a dopant step profile
orthogonal to the transmission direction.
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A. The effect of amorphous surface layers on the density
of excess charge carriers

For the simulation of surface effects, a model of three
stacked layers consisting of 3 nm amorphous silicon, 150 nm
crystalline silicon and another 3 nm of amorphous silicon
was chosen. The thickness of the crystalline layer was cho-
sen to be in the range providing a good signal-to-noise ratio
for the phase images related to the voltage drop at
pn-junctions in silicon. The thickness of 3 nm for the surface
amorphous layer can be seen as a typical value for the depth
of the amorphization in the surface layers of a TEM sample
due to the ion beam damage introduced during argon ion
milling.16 In all cases simulated, a depth independent pair
generation rateG=131021 cm−3 s−1 was applied. The sur-
face recombination velocity in the a-Si surface is assumed to
be equal for electrons and holes and takes the value of the

thermal velocitys=13107 cm s−1. Quasi-neutrality is main-
tained. Further material parameters are presented in Table I.

Figure 4 displays the spatial density of free electronsnsxd
and free holespsxd for four different cases withkpl-type
material with dopant densitiesNA equal to 1019 and
1016 cm−3 and different band-gap energies in the amorphous
silicon and different band edge alignment. The choice of dif-
ferent band-offsets for the simulation is motivated by the
controversial data given in literature(see, e.g., discussion in
Ref. 17). Here, a differenceD of 0.6 eV in the fundamental
energy gap in crystalline silicon and device-grade amorphous
silicon was assumed.D was split into a valence band discon-
tinuity of 1

3D and a conduction band offset of2
3D. In another

set of simulation parameters, the energy gap of the indirect
gap of crystalline silicon was ascribed to the amorphous lay-
ers in order to simulate the special case without band gap

TABLE I. Material parameters used in the one dimensional simulation of the three-layer a-Si/c-Si/a-Si
stack.t is the layer thickness,Egap the band-gap energy,NA the acceptor dopant density,D0 the density of
defect states,tn andtp the electron and hole lifetime andmn andmp their effective mobility(Ref. 15).

t

nm

Egap

eV

NA

cm−3

D0

cm−3

tn

ms

tp

ms

mn

V cm2 s−1

mp

V cm2 s−1

c-Si 150 1.1 1016, 1019 1015 10 10 1400 400

a-Si 3 1.7, 1.1 1016, 1019 1019 10−5 10−5 10 4

FIG. 4. Stationary charge carrier densityn of free electrons andp of free holes in a 150 nm thin layer of crystalline silicon covered by
3 nm thick amorphous layers in the nonirradiated(dashed line) and in the irradiated case(solid line). The insets show details of the band-gap
alignment for the a-Si/c-Si heterojunctions, whereD=0.6 eV is the difference in the fundamental gap between crystalline and device grade
amorphous silicon.(a) NA=131019 cm−3 (b)–(d) NA=131016 cm−3.
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offset between the crystalline and the amorphous layers.
The following observations can be made for the homoge-

neously illuminated sample: The concentration of the major-
ity carriers is enhanced only insignificantly even at the low-
est dopant density ofNA =1016 cm−3. Contrary, the minority
carrier density raises by orders of magnitude. Especially in
the case shown in Fig. 4(b), where a band gap discontinuity
restrains the generated charge carriers from entering the
amorphous surface layers and recombining there. The maxi-
mum value nmax of the minority charge carrier density
reaches 231015 cm−3 here, which is just one order of mag-
nitude less than the density of the majority carriers.

When neglecting recombination and carrier transport, the
product of generation rate and carrier lifetime,Gt, can serve
as a rough estimate for the excess charge carrier concentra-
tions. Gt equals to 131016 cm−3 in all cases shown. In the
case of a band-gap discontinuity[Figs. 4(a) and 4(b)] at both
surfaces, the peak valuenmax of the excess minority charge
carrier density is close toGt. If no bandgap discontinuity is
assumed[Figs. 4(c) and 4(d)], nmax is only about two to three
orders of magnitude lower thanGt. Even in this latter case,
nmax is not substantially reduced by the presence of the sur-
face layers.

B. The electrostatic potential at grain boundaries

In order to investigate the impact of the excess charge
carrier generation under the electron beam on the electro-
static potential at a grain boundary, a one dimensional model
comprising a spatially delta-shaped defect peak at its center
was chosen. The defect peak corresponds to a distribution of
defect states within the band-gap associated with a grain
boundary containing dangling bonds.

A Gaussian energy distribution of defect states around the
mid-gap position and a standard deviation of 0.1 eV was
used to realize the prevalent description for a grain boundary
containing intrinsic defects(see, e.g., Ref. 18, and references
therein). The electrostatic chargeQsrW=0d associated with the
defect states was recalculated on the basis of the Fermi-Dirac
statistics in each cycle of the iterative solution of Eqs.
(3)–(5).

Ohmic contacts form the boundary of the model with
length L, i.e., the distance between the defect and the con-
tacts is 1

2L. A Gaussian generation rate profile around the
defect was assumed. The standard deviation of this genera-
tion profile was adapted tou and the area normalized to the
generation rateG. Calculations were done for various inter-
facial trap state densitiesD at the grain boundary, contact

distances1
2L and generation ratesG. The acceptor dopant

density was fixed at 131016 cm−3. Lifetime and mobility
parameters for the crystalline silicon can be taken from Table
I, additional parameters in this simulation are listed in Table
II. Figure 5 displays the influence of the electron-hole pair
generation on the stationary charge carrier density of elec-
trons n and holesp, their electro-chemical potentialh−ef
and c+ef, respectively, and the electrostatic potential en-
ergy ef at a grain boundary with a defect densityD=1
31012 cm−2. Upon electron-hole pair generation, the con-
centrationn of the minority carriers is increased significantly
[Fig. 5(a)]. A similar increase in the hole concentration can
be seen on a linear scale in Fig. 5(b). The electro-chemical
potential of holes and electrons splits in the illuminated spot
with a diameter of 2mm around the grain boundary position
whereas it is pinned at the ohmic contacts contacts[Fig.
5(c)]. Excess minority carriers are attracted by the grain
boundary potential, leading to an enhanced recombination
current and a re-charging of defects. As a consequence, the
grain boundary potential barrier heightfB=fs0d is reduced.

The decrease of the barrier heightefB with increasing
generation rateG is shown in Fig. 6. Generation ratesG
greater than 131022 cm−3 s−1, easily attained in a TEM, lead
to an effective suppression of the potential barrier. The bal-
anced barrier heightefB is related to the maximum in the
recombination currents for the SRH interface trap state re-
combination.

C. Charge carrier distribution at pn-junctions

A one-dimensional model with an abrupt change in dop-
ant concentration in its center was used to analyze the charge
carrier equilibrium concentrations and the electrostatic po-
tential at apn-junction. The dopant concentrations satisfy the
following relations:

NDsxd = HN0 : x . 0

0 : x ø 0,
J NAsxd = H 0 : x . 0

N0 : x ø 0.
J
s10d

The energy gap, lifetime and mobility parameters for
crystalline silicon can be taken from Table I.

Figure 7 shows exemplary the charge carrier density,
electro-chemical potential and electro-static potential at apn
junction with a doping levelN0=131016 cm−3 and various
generation ratesG. The distance between the junction posi-
tion and the ohmic contacts is 50mm in this case. The in-
crease of the excess charge carrier concentration with gen-

TABLE II. Parameters used in the one dimensional simulation of a grain boundary.1
2L is the distance

between the grain boundary and the ohmic contacts at the sides of the sample,u is the diameter of the
electron illumination spot,NA the acceptor dopant density.D represents the density of interface defect states,
Edef is the mid position of the Gaussian defect profile above the valence band edge with a standard deviation
sdef. ve andvh are the interface recombination velocities for electrons and holes.

L

mm

u

mm

NA

cm−3

D

cm−2

Edef

eV

sdef

eV

ve

s−1cm

vh

s−1cm

10, 100 2 1016 331011−131012 0.55 0.1 107 107
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eration rateG is clearly observable in the electro-chemical
potential plots in Fig. 7(c) and for the higher generation rates
also from the linear plots of the charge carrier densities in(a)
and(b). The spatially asymmetric enhancement of the carrier
concentrations is due to the difference in the effective mo-
bility constantsmn and mp. Similar to the grain boundary
potential reduction, the excess charges lead to a reduction in
the voltage drop of apn-junction. While the Fermi levels are
pinned at the ohmic contacts, a reduction of thepn-junction
voltage will be observed in a limited field of view. As an
example, the inset in Fig. 7(d) shows an enlarged view of the
vicinity of the junction comparable to the field of view of a
few mm in holographic TEM imaging at medium magnifica-
tion. Figure 8 displays the voltage drop in a field of view of
2 mm around the junction in dependence on the generation
rate for dopant densitiesN0 between 131015 cm−3 and
131017 cm−3.

A significant reduction in the junction voltage is recorded
for generation ratesG in a TEM between 131023 cm−3 s−1

and 131024 cm−3 s−1 only for dopant densities well below
131017 cm−3.

IV. DISCUSSION

The numerical simulation presented in the previous sec-
tion demonstrates the effect of the electron-generated excess
charge carriers on the equilibrium electrostatic potential of
defects and potential gradients in silicon. Whereas a grain
boundary potential barrier suffers from a strong decrease in
the barrier height, the voltage drop around thepn-junction is

little affected for meaningful doping levels that are relevant
for application. The distortion in the potential maps is related
to the extrinsic excess charge carrier population in combina-
tion with their spatial separation and trapping at defect states.
It has thus to be distinguished from precision limitations in
spatial and phase resolution in the instrumental acquisition
procedure and the quantitative holographic phase reconstruc-
tion, which were discussed elsewhere.4,5 The following dis-
cussion will be restricted to the extrinsic effects in holo-
graphic imaging experiments for indirect band-gap materials
and focuses on general observations on the role of the sur-

FIG. 5. The effect of excess charge carrier generation under electron beam irradiation on(a) the stationary charge carrier densityn of
electrons and(b) p of holes,(c) the electro-chemical potentialh−ef of electrons(solid lines) andc+ef of holes(dashed lines) and(d) the
electrostatic potentialef at a grain boundary decorated with trap states. The electro-chemical potentialc+ef shows little change in the
logarithmic plot in (c). Calculations were performed for an acceptor dopingNA=131016 cm−3 and boundary trap state densityD=1
31012 cm−2. Curves are plotted for excess charge carrier generation rateG=0 cm−3 s−1, 131018 cm−3 s−1, 131020 cm−3 s−1, 1
31022 cm−3 s−1 and 131024 cm−3 s−1, with arrows indicating the change upon increasing electron-hole pair generation rateG.

FIG. 6. Decrease of the grain boundary potential energy barrier
height efB upon increase of the excess charge carrier generation
rate G plotted for various interfacial trap state densitiesD at the
grain boundary(solid symbols).
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faces of the TEM samples and the observed potential map
distortions in device structures.

One should keep in mind that the basic transport equa-
tions underlying the numerical simulations are models imi-
tating the real process in a qualitative and more or less ac-
curately in a quantitative sense. Here, the model was applied
to silicon, a semiconductor material with indirect band gap
and defect mediated recombination. Results are, therefore,
representative only for a similar kind of material, and they
are not directly transferable, e.g., to direct band-gap semi-
conductors or insulators.

The influence of a defect-rich surface structure on quan-
titative potential maps is fully recognized in the experimental
procedures,1–3,6without, however, giving a clear picture. Rau
et al. calibrated surface depletion layers(“dead layers”) by
measuring the thickness dependence of the electron wave
phase shift.2 McCartneyet al. and Gribelyuket al. did not
find dead layers, instead coating of the TEM samples with a
few 10 nm thick carbon layers in conventionally Ar ion
milled samples is reported to prevent from surface
charging.1,6

The special case of idealized amorphous silicon surface
layers in Sec. III A shows that ion beam damaged surfaces
can, under certain circumstances, be considered as passive.
Surface charging is closely linked to the charging of interface
trap states at a grain boundary. Therefore, the surface Fermi
levels are affected by the excess charge carrier density in the
same manner as the grain boundary interface Fermi levels.
At high excess charge carrier concentration, it is unlikely that
the Fermi levels will be pinned by the surface trap states.
Similar to the interface states at the grain boundary, the sur-

face trap states will charge with the tendency to maximize
the recombination currents. The detailed charge state of the
trap states at the surface depends on their energetic position,
their capture cross-sections for electrons and holes and the
dopant density and there will hardly be a general rule for the
experiment.

For the purpose of device characterization, one should
distinguish between built-in potential gradients due to doping
inhomogeneities and electrically active defects. Built-in po-
tential gradients separate minority and majority charge carri-
ers and increase the recombination currents at the contacts.

FIG. 7. The effect of extrinsic charge carrier generation on(a) the density of free electronsn, (b) the density of free holesp, (c) the
electron electro-chemical potentialh−ef (dashed lines) and the hole electro-chemical potentialc+ef (solid lines) and (d) the potential
energyef at apn-junction with a dopant densityN0=131016 cm−3. The arrows indicate the trend upon increasing generation rateG. Curves
are plotted for 131010 cm−3 s−1, 131020 cm−3 s−1, 131021 cm−3 s−1, 131022 cm−3 s−1, 131023 cm−3 s−1, 131024 cm−3 s−1, and
231024 cm−3 s−1. The inset in(d) shows an enlarged part with a width of 2mm around the junction.

FIG. 8. Decrease of thepn-junction potential energyD2mmef
over a distance of 2mm around the junction in dependence on the
pair generation rateG. The data is given for base dopant densities
N0 between 131015 cm−3 and 131017 cm−3.
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This leads to an effective reduction of the excess charge
carrier density in the illuminated region of interest. In con-
trast, isolated defects do not guide excess charge carrier to
the contacts but attract minority carriers. The resulting
change in the charge state and the quasi-Fermi level shift
maximizes the recombination current at the trap states for the
given conditions. Therefore, a holographic phase map trans-
lated into a potential map around defects is more sensitive to
excess charge carrier generation in the electron beam than
those around built-in potential gradients. The barrier height
for the grain boundary defects in silicon decreases even be-
low the instrumental sensitivity limit for off-axis holography
of approximately 0.1 eV4 at a rather low electron-hole pair
generation rate higher thanG=131020 cm−3 s−1. A similar
breakdown of the potential barrier of a grain boundary was
calculated analytically for the case of optical light excitation
in poly-crystalline silicon.19 Even low dose illumination in
the TEM and modified material parameters like smaller
charge carrier lifetimet, e.g., in direct band-gap semicon-
ductors with radiative recombination or in radiation damaged
samples, are unlikely to change this fundamental result.

In the same manner, distinct contrast variations in holo-
graphic phase images of dislocations or heterogeneous inter-
faces associated with trap states have to be assessed care-
fully. In addition to a structural and compositional
inhomogeneity, the electro-chemical potential of the charge
carriers will adjust to maximize the recombination currents
for excess charge carriers, similar to the case of the grain
boundary demonstrated in Sec. III B. It must be stressed at
this point, that there is no contradiction between the distorted
electrostatic potential and a strong signal of dislocations in
electron beam induced current(EBIC) experiments, precisely
because the EBIC technique detects the enhanced recombi-
nation currents at defects by the loss in the carrier collection
at sample contacts.

The impact of electron-hole pair generation is less critical
for pure dopant gradients like in the case of thepn-junctions.
Due to the smaller excess charge carrier concentrations at the
same electron-hole pair generation ratesG compared to the
case of defects in a homogeneous material, distortions of the
potential map are expected only for the lower dopant densi-
ties for which experimental data are not available so far.
However, the potential maps around heterogeneous inter-
faces like metallization contacts with electrically active de-
fects cannot be interpreted directly on the basis of dopant
densities.

V. CONCLUSIONS

Excess charge carrier generation in the electron beam al-
ters the electrostatic potential in TEM samples. Most signifi-
cant are changes in the electrostatic potential around defects
associated with trap states. The potential barrier height of a
grain boundary in silicon is reduced below the sensitivity
limit of off-axis holographic phase imaging in the real ex-
periment. Potential maps of dopant gradients in otherwise
homogeneous material are affected only at lower dopant con-
centrations smaller than 1017 cm−3.
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