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The electron optical phase contrast probed by electron holography at n-n* GaN doping steps is found to exhibit
a giant enhancement, in sharp contrast to the always smaller than expected phase contrast reported for p-n
junctions. We unravel the physical origin of the giant enhancement by combining off-axis electron holography
data with self-consistent electrostatic potential calculations. The predominant contribution to the phase contrast
is shown to arise from the doping dependent screening length of the surface Fermi-level pinning, which is

induced by FIB-implanted carbon point defects below the outer amorphous shell. The contribution of the
built-in potential is negligible for modulation doping and only relevant for large built-in potentials at e.g. p-n
junctions. This work provides a quantitative approach to so-called dead layers at TEM lamellas.

1. Introduction

Electron beam based microscopy techniques, such as 4D scanning
transmission electron microscopy (4D-STEM) [1-3], electron beam-
induced current (EBIC) [4,5], and scanning electron microscopy (SEM)
[6-9], have been frequently utilized to map and quantify electrostatic
potentials in semiconductors at high spatial resolution. Among all
techniques, electron holography in a transmission electron microscope
(TEM) turned out to be the method that provides highest energy
precision at nm scale resolution, while minimizing electron beam in-
duced damage to the sample. The benefits and limitations of this
methodology for quantifying electrostatic potentials have been primar-
ily demonstrated using p-n junctions [10-23] and more recently ternary
heterointerfaces and doping steps [24-28]. The intriguing conclusions
from these previous studies are that the electron optical phase contrast
across a p-n junction is always smaller than anticipated, whereas the
phase contrast across a, e.g. n-n", doping step is larger than expected.
In addition, the phase contrast across a p-n junction increases with the
lamella’s thickness [10,14-16,18-21,29-31], while such effects have
not been reported yet for doping steps. How can we understand these
differences?

Solving this issue raises the question of the physical origin of the
phase contrast in electron holography of doping structures. In this
paper we probe the electron optical phase change across an n-n'*
doping step using off-axis electron holography in transmission electron
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microscopy. We find a phase contrast about one order of magnitude
larger than expected. The giant phase contrast enhancement is shown
to arise from the doping dependence of free-carrier screening of the
surface potential of the TEM lamellas. For different doping regions, this
gives rise to varying widths of screening layers, which are dominating
the contrast. The phase contrast contribution of the built-in potential,
which is dominating for p-n junctions, is negligible for doping steps.

2. Experimental procedures

As model system we use an n-n* doping step in GaN with Si con-
centrations of 8 x 10'7 and 3.5 x 10'® cm~3, respectively, as determined
by secondary ion mass spectrometry (SIMS). The TEM lamellas were
prepared using focused ion beam (FIB) milling in a FEI Helios NanoLab
460F1 instrument. Prior to FIB milling, the bulk semiconductor sample
is first 5kV e-beam coated with a 100 nm carbon layer, followed
by a 2 pm C protective layer, deposited using a 30kV Ga ion beam,
with C;oHg as precursor. A 2-3 pm thick lamella is then cut from
the sample using 30kV Ga ions at 85° relative to the surface plane.
Subsequently, the lamella is attached with carbon to a TEM grid and
thinned to ~1700 nm using a 30kV Ga* ion beam with a grazing
incidence angle of 2° relative to the surface. Further thinning pro-
ceeds with progressively reduced ion dose and incidence angle until
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a thickness of approximately 400 nm is reached. The final polishing
process is conducted using 5kV Ga* with an ion dose of 16 pA and at
5° grazing incidence angle. The crystalline thicknesses 7 of the lamellas
is determined utilizing the convergent beam electron diffraction (CBED)
technique [32].

The FIB-prepared lamellas are investigated by off-axis electron
holography in a TEM (FEI Titan G2 60-300 HOLO, FEI instrument)
operated at 300kV [33]. The upper biprism is biased at 120V giving
a proper field-of-view and a high contrast of the interference patterns.
The lamella is kept at edge-on orientation and tilted away from the
[1010] zone axis to suppress the dynamical diffraction. Single-frame
holograms are acquired with exposure time of 10-12 s, with a fringe
spacing of 2-3 nm. Particular attention has been paid to extract phase
change profiles from regions free of dynamic diffraction.

3. Results

An example of a phase map derived from a hologram acquired
across GaN doping step is displayed in Fig. 1(a). The investigated
lamella exhibits a crystalline thickness of r = 257 + 6 nm as measured
by CBED. The [0001] growth direction points to the right. The GaN
layer with lower donor concentration exhibits a darker contrast. The
corresponding phase change profile, averaged over 500 nm width, is
plotted in Fig. 1(b). The difference in phase across the doping step,
denoted as A@jyncion> i found to be 0.40 + 0.02rad. Fig. 1(c) reports
the A@jyncion values measured from various lamellas with crystalline
thicknesses ranging from 188 to 380 nm. A linear fit (blue line)
reveals a weak slope of (2.0 + 1.3) x10~* rad/nm with an intercept of
0.33 + 0.04 rad. The large intercept as well as the weak slope indicate
an almost thickness independent phase contrast across the doping
junction.

For quantitative interpretation of the measured phase change pro-
files, self-consistent electrostatic potential calculations are carried out,
taking the presence of a surface Fermi-level pinning E;, of the TEM
lamellas into consideration. We recall, that the FIB preparation results
in a lamella consisting of a pristine core, covered by a defect-rich
crystalline inner shell and an amorphous outer shell [34]. The Fermi-
level pinning has been shown to arise from a FIB-induced near surface
implantation of carbon on nitrogen sites in the inner shell [34] (see for
details in the discussion section below). The quantitative analysis of the
measured phase change profiles is based on a two-step process: [24]
First, the built-in electrostatic potential ¥;; as well as the interaction
between the FIB-induced surface potential and the free carriers is deter-
mined by using a self-consistent finite-difference based Poisson solver,
as described in Refs. [35,36]. In a second step, the electron optical
phase change map is calculated by integrating the obtained three-
dimensional electrostatic potential along the electron beam direction
[24].

In Fig. 1(b), the measured phase change profile across GaN dop-
ing step is compared with calculated results, using E;, as a fitting
parameter. The red and blue lines represent calculated phase change
profiles with a surface Fermi-level pinning of 0.69 and 0.59 eV above
the valence band edge (Ey), respectively, while the green dashed line
is derived assuming no pinning states at the surface, i.e. only bulk
conditions.

For the unpinned surface, the phase contrast between the n and
nt-doped GaN 4¢; is only 0.04rad. This value is solely originating
from the built-in potential V;; = 26 mV between differently doped n-
type GaN layers, i.e. Ap; = Cg - Vi; - t with Cg = 0.00652 rad V-1 nm™!
at 300 kV. Hence without surface consideration a phase contrast much
smaller than observed would be expected.

With the presence of pinning states at the surfaces of the lamella, the
phase contrast and Adjyyciion increase with E;, shifting toward Ey. The
best agreement between the experimental phase change profile shown
in Fig. 1(b) and the calculated result is found for E;, = 0.69+0.1eV. In
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Fig. 1. (a) Phase map across an n-n* GaN doping step. The n-GaN layer exhibits a
darker contrast. (b) Phase change profile extracted from the phase map averaged over
a width of 500 nm. The n-n* interface is positioned at 0 nm. The phase contrast
across the doping step Agj,ucion S 0.41ad. (€) Adjncion Versus crystalline thickness of
the measured lamellas. The blue line represents a linear fit, whereas the red line is
obtained from self-consistent electrostatic simulations.

order to provide a feeling for the accuracy of E,;, a second simulation
with a pinning level 0.1 eV closer to Ey is illustrated.

The same analysis is performed for all lamellas. Fig. 2 illustrates
the derived pinning levels E;, vs. crystalline thickness (ranging from
188 to 380 nm) for all investigated 14 lamellas. A linear fit to the data
reveals a constant average Fermi-level pinning energy independent of
the lamella thickness with negligible slope [(—1.2+5.5)x 10~* eV/nm].
The average value of E;, of 0.70 + 0.13eV is in good agreement with
values derived in our previous work on a delta-doped GaN layer of
0.69 + 0.2 and 0.57 + 0.05eV [24,34].

4. Discussion

In order to gain more insight into the origin of the phase contrast
as well as the interplay between lamella thickness and phase contrast
across a GaN doping step, we turn to the calculated cross-sectional
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Fig. 2. Energy position of the Fermi-level pinning E,
from all investigated FIB-prepared lamellas. An average E,
revealed with no detectable thickness dependence.

vs. crystalline thickness derived
of 0.70 + 0.13eV is

electrostatic potential maps of lamellas with thicknesses of 330 nm
[Fig. 3(al)] and 260 nm [Fig. 3(b1)]. The surface Fermi-level is set
to be pinned at 0.70eV above the valence band edge. The potential
profiles extracted along the [1010] electron beam direction at the
positions of the blue (red) dashed and solid lines are shown in Fig. 3(a2)
[Fig. 3(b2)] below. Note, the incident electron beam direction points
here from left to right.

The potential maps and line profiles reveal that the main potential
difference between the n and n*-doped GaN layers is found near the
surfaces of the TEM lamella where the Fermi-level is pinned [vertical
orange lines in Fig. 3 (a2) and (b2)]. In this region the surface potential
is screened by the free charge carriers. Since the screening length is
exponentially decreasing with carrier concentration [37,38], the extent
of the depletion layer in significantly different for the n and n*-GaN
layer, i.e. ~63 vs.~32 nm, respectively. In contrast in the pristine
crystalline core of the lamella the potential is almost identical for the
different doping levels, since the built-in potential V;; between the n
and n*-GaN layers is only 26 mV.

The potential profiles illustrate well that the biggest contribution to
the difference in potential and thus phase is the depletion layer where
screening of the surface potential takes place. This leads to phase con-
trasts in the order of 0.38rad across the doping step. For comparison,
the phase contrast stemming solely from the built-in potential 4V;; is
so small that it can be almost neglected, since it is only ~0.04rad for,
e.g., the 260 nm thick lamella [Fig. 3 (b2)]. Thus, the predominant
contribution to the phase contrast across the doping step arises from
different (doping-dependent) screening lengths of the surface potential,
and not from the built-in potential in the pristine crystalline core.
This observation is reflected in Fig. 3(d) where the corresponding
phase change profiles integrated through the whole lamella thickness,
extracted from lamella A (blue line) and B (red line) are compared.
Despite lamella A is 70 nm (~ 27%) thicker than lamella B, A¢;ction iS
only 0.01rad (~ 2.6%) higher.

The solid red line in Fig. 1 (c) illustrates the calculated Adjynciion @S
a function of crystalline thickness. The thickness dependence is weak
and almost linear and agrees well with the data points. This supports
further the above physical conclusions, that for doping modulations the
screening is governing the electron optical phase contrast.

The situation can be anticipated to change, if large built-in poten-
tials occur, such as in p-n junctions or at heterointerfaces. The surface
pinning shifts the Fermi-level toward mid-gap position for both, n- and
p-type layers, reducing the built-in potential in the near surface region.
Thereby a phase difference across the p-n junction is obtained, which is
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always smaller than expected without surface potentials and dead shell
layers.

As a side note, the FIB-induced amorphous outer shell layer is not
accounted for in the calculation. The phase is obtained by integrating
the electrostatic potential along the electron beam direction [39] within
the crystalline part of the lamella, only. This approach is valid, since
the amorphous shell is anticipated to be homogeneously intermixed
everywhere leading to an equipotential surface. Furthermore, we an-
ticipate that the amorphous shell is conductive, hence screening the
surface potential toward the vacuum. This is supported by the absence
of fringing fields in the vacuum near the lamella during experiments
with our FIB-prepared TEM lamellas. Therefore, the amorphous shell is
not contributing to the phase difference.

Finally, the defect rich crystalline inner shell is rather thin in our
case. We can estimate its thickness by taking into account an average
thickness of the amorphous shell of 9 nm and the carbon implantation
profile obtained by transport range of ions in matter (TRIM) simula-
tions. The TRIM simulations indicate, that the carbon concentration
decays exponentially and falls at a depth of about 15-18 nm below
the doping concentration [34]. This yields a thickness of about 6-9 nm
where the carbon concentration exceeds the doping concentration and
no screening occurs yet, as all dopants will be compensated. Hence, the
material will be fully pinned and not contribute to the electron optical
phase contrast. Only deeper inside the lamella screening occurs and
dominates the phase contrast. Since in our case the defect-rich inner
crystalline shell is rather thin as compared to the lamella thickness,
it is sufficient to approximate its effect on the potential as a surface
Fermi-level pinning.

Hence, we conclude that the quantitative analysis of phase dif-
ferences measured by electron holography using FIB-prepared TEM
lamellas, requires the consideration of more than simply a dead layer
[12-16,18-21,27,29-31,40,41]. Instead, an amorphous outer shell, a
defect-rich inner crystalline shell, and an underlying depletion region
within the pristine crystalline core screening the surface potential need
to be considered and evaluated for every material investigated. In
particular one needs to understand the physics of FIB-induced point de-
fects and their charge transfer levels, which determine the Fermi-level
pinning.

The analysis methodology and self-consistent electrostatic potential
calculation can be applied to earlier published data, too, to assess
E;,. However, the choice of examples is not straightforward, primarily
because of the uncertainty associated with the lamella preparation in
literature. Using a different FIB preparation process, such as employing
different protective layers, applying heavier ion sources and higher ion
voltage [14], can be anticipated to give rise to lamellas with different
surface conditions.

The data set the closest to our experimental parameters is that of
Yamamoto etal [25], where a protective carbon layer was used. The lift-
out and initial thinning were performed using 40 kV Ga™ ions, whereas
the final polishing was conducted at 5kV. The resulting lamella had a
final thickness of 350 nm. An experimentally measured phase contrast
of 0.55 + 0.05rad across an n-nt GaN doping step has been reported
(Si doping of 5x10'7 and 5x 10'® cm~3, respectively). The magnitude of
phase difference is again in sharp contrast to the theoretical predictions
without surface pinning of 0.14rad (derived using a Poisson solver
software, Aestimo, without considering surface defect effects) [42].
Applying the here derived surface pinning model to their measurement
data yields a surface Fermi-level pinning of 0.84 + 0.2eV above Ey,.
This pinning value is in line with that obtained from our measurement
data, i.e. Ey, of 0.70 + 0.13eV, indicating that the pinning near the
valence band is a general property of FIB-prepared GaN lamellas with
C protective layers.
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Fig. 3. (al, bl) Simulated cross-sectional electrostatic potential maps of the same GaN n-n* doping step for TEM lamellas with a thickness of 330 nm (al) and 260 nm (b1). (a2)
Potential profiles extracted along the respective vertical dashed and solid lines in (al). The vacuum and pristine crystalline core are visualized with gray and green background
color, respectively. (b2) Same as (a2) but extracted from (b1). (c) Sketch of a TEM lamella of the n-n* GaN doping step showing the spatial positions of the potential maps in
(al, b1). (d) Comparison of phase change profiles calculated for lamellas with a crystalline thickness of 260 (red line) and 330 nm (blue line).

5. Conclusions

The electron optical phase contrast at n-n™ GaN doping steps is
shown to exhibit a giant enhancement as compared to expectations,
with an almost negligible thickness dependence. The physical origin
of the giant enhancement is unraveled by combining off-axis electron
holography data with self-consistent electrostatic potential calculations.
The predominant contribution to the phase contrast is shown to arise
from the doping dependent screening length of the FIB-induced surface
Fermi-level pinning occurring in the defect-rich crystalline inner shell
(below the outer amorphous shell). This near surface depletion region
remains unchanged for lamellas with different thicknesses, resulting in
an almost constant electron optical phase contrast vs. thickness. The
contribution of the built-in potential is almost negligible, since its value
is too small for modulation doping and only relevant for large built-
in potentials at e.g. p-n junctions. Thus, the weak built-in potential
of GaN doping steps adds only a small thickness dependence to the
phase contrast. This work dissects the previously termed dead layers
to identify the defect-rich crystalline inner shell and the screening of
its Fermi-level pinning being solely relevant for electron optical phase
differences, thereby providing a quantitative approach to dead layers
at surfaces of TEM lamellas.
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