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We demonstrate a direct atomically resolved visualization and quantification of the impact of
inhomogeneities in the dopant dlstrlbutlon on the nanoscale potential fluctuations in a
two-dimensional semiconducting \3 X \3 Ga overlayer on Si(l111) using scanning tunneling
microscopy. By a quantitative analysis, two regimes of the potential at nanometer scale are found,
which arise from the local distribution of charge carriers in the bands and from electron-electron
interactions. © 2009 American Institute of Physics. [DOI: 10.1063/1.3177329]

With the ongoing push for smaller semiconductor de-
vices, the feature size implemented in current commercial
manufacturing processes is reaching dimensions, where ulti-
mately the device operation depends on a single electron and
traditional device concepts break down. In such conditions,
statistical fluctuations in the dopant distribution become
particularly important. 12 Inhomogeneities in the dopant
distribution® may cause nanoscale and atomic-scale fluctua-
tions in the potentlal which in turn would lead to a statis-
tical lowering of the threshold Voltages.] However, in other
cases, no effect of the spatial positions of charged defects on
the local potential was found.? This inconsistency is essen-
tially due to the lack of solid experimentally proven facts
about the effect of nanoscale dopant inhomogeneities on the
local nanoscale and atomic-scale potential. It is still unclear
which physical mechanisms determine the nano- and atomic-
scale potential and which quantitative models can be used for
accurate simulations of the potential in spatially (and/or di-
mensionally) reduced semiconductor structures.

Therefore, we illustrate here a direct atomically resolved
visualization and quantification how dopant atoms and their
statistical distribution affect the local nanoscale and atomic-
scale potential using scanning tunneling microscopy (STM).
We identify two different origins of the nanoscale potential
and derive a quantitative physical understanding of dopant-
induced potential fluctuations at nanometer and subnanom-
eter scales.

As a model system, we utilize a two-dimensional (2D)
vV [3x v /3 Ga on Si(111) structure, where we can tune the dop-
ant concentration over a wide range by suitable adjustment
of the deposition parameters. Figure 1(a) shows an atomi-
cally resolved constant-current STM image of our model
system: each maximum in the empty state STM image cor-
responds to one empty dangling bond above a Ga adatom.
The weaker maxima (marked D), whose concentration de-
creases with 1ncreasmg Ga deposmon arise from Si atoms
located on \r3 X \,3 Ga sites.® These Si atoms act as donors
and provide the free electrons.” The resulting positive
charges of the Si dopants induce a redistribution of the free
charge carriers and thereby a potential change, which gives
rise to the surrounding brlght contrast on which the atomic
corrugation is supenmposed The local potential change
also shows up in the tunneling spectra: the valence (Ey) and
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conduction band (CB) edges (E.) shift ~0.15 eV to higher
energies with increasing spatial separation from the dopant
site [dotted lines in Fig. 1(c)].

In addition, the STM images exhibit long-range height
changes with lateral extensions of 5—15 nm [see dashed and
dotted elliptical lines in Fig. 1(a)]. The above observed band-
edge shifts indicate again that potential changes along the
surface give rise to the long-range height changes in STM
images. Furthermore, regions with dark and bright contrast
appear in surface areas with low and high dopant concentra-
tion, respectively. This observation is corroborated by the
quantitative analysis of the local height change Az in the
STM image (i.e., defined as deviation from the spatial aver-
age 7,y, of tip-sample separation z=2z,,,+Az) as a function of
the local dopant concentration 7., [analyzed in circular ar-
eas with the diameter defining the resolution in Fig. 2(a)].
Note that we only consider the average height and not the
superimposed atomic corrugation, which is a local density of
states (DOS) effect not related to the potential. Az increases
with the local dopant concentration.

The trend in Fig. 2(a) can be explained quantitatively by
potential fluctuations. The tunnel current, and thereby the
height in constant-current images, is related to the local po-
tential U=E-—Ep, with Ep being the constant Fermi energy
[Fig. 2(c)]. The Az scale is transformed into a potential (AU)
scale following a modified version of the methodology of
Ref. 9.

(i) First, by measuring a height-voltage (Z-V) curve at
constant current with identical tip configuration [inset in Fig.
2(a)], the Az scale can be transformed into an equivalent
voltage scale, and a voltage image is obtained by AV=S5"!
Az, with the voltage sensitivity S=dZ/ 3V|VO of the respective
tip at the set voltage V|, during measurement.

(ii) Second, the relationship of the voltage and potential
scales can be determined from the tunnel current / given at
positive sample voltages V by the integral over all sample
states (with an energy e=E;=0) into which electrons can
tunnel [Fig. 2(c)]1.1°

eV -
I(V, U) o J p(s) . e—ZzV(ZmO/hz)[¢(U)+(eV/2)—s]d8' (1)
0

®(U) is the average work function of the tip ®; and the
sample ®g=y+ U (x electron affinity), m, the electron mass,
and p is the surface DOS, which is zero in the surface band

© 2009 American Institute of Physics
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FIG. 1. (Color online) (a) STM image of a 2D semiconducting y3 X V3 Ga overlayer on Si(111) measured at 2 V. In addition to atomic-sized features arising
from vacancies (V) and Si dopant atoms (D), long-range changes in the contrast occur. Examples are indicated by dashed (depression) and dotted (elevation)
elliptical lines. (b) High-resolution STM image. Each charged Si dopant is surrounded by a bright contrast. (c) dI/dV tunneling spectra above dopants (D),
directly neighboring Ga atoms (N1), Ga atoms further away (N2) [(see (b)], and for the \6>< \5 Ga overlayer (all Ga sites not neighboring to dopants). For
enhanced sensitivity, the spectra D, N1, and N2 were taken at a tip-sample separation 0.06 nm smaller and each curve is offset by 0.3 pA/V for clarity. The
conduction (E.) and valence (Ey) band edges shifts are indicated by a dotted line. L1 and L2 are localized states related to the Si donors.

gap. The DOS of the tip is assumed to be constant and is
included in the proportionality constant. The exponent in Eq.
(1) describes that electrons tunneling with an energy & feel

an effective barrier of ®+(eV/2)—e. Equation (1) yields
identical currents for either a small potential change AU
=AE; or a small change —eAV of the Voltage,“ since the
barriers and integration ranges are identical in both cases, as
illustrated graphically in Fig. 2(c). Thus, with AU=—eAV we
obtain in Fig. 2(a), the relationship between the local poten-
tial (left axis) and local dopant concentration.

Unfortunately, a quantitative interpretation is hampered
by the lack of theoretical models describing the local nano-
scale potential as a function of the local carrier concentra-
tion. Therefore, as first guess we use a macroscopic model'?
modified by replacing the infinitely constant potential and
carrier concentrations by spatially varying local quantities,
i.e., the local carrier concentration 7., and the local poten-
tial fluctuations AE, yielding

Nocal = Mln(l + e_(EC’ﬂVg_EF*—AEc)/kT) . (2)
Th

With Eq. (2), the data in Fig. 2(a) can be well fitted (solid

line) using the spatially averaged CB edge position relative

to the Ey, Ec v~ Ep, and the effective electron mass mg as

fitting parameters. Figure 2(b) shows the effective masses

obtained from different data sets and the weighted average of

(0.35*0.09)m, (horizontal line) assuming a degeneracy of
¢=6 [electrons in the CB of Si(111)'?]. This value agrees
well with me;=0.37my for a Si(111)1 X 1 plane."*"> With g
=2 (CB of the Ga overlayer'®), m.; would be three times
larger and not agree with 0.4m, estimated for the CB of the
Ga overlayer.14 The position of the Fermi level is
0.013£0.010 eV below E. Thus, the free electrons induced
by the dopants are located in the Si(111) plane underneath
the V3 x % Ga layer (because Eo< Ecg)."

In order to address the limits of the above model, we
quantified the lateral extensions of the local potential fluc-
tuations using the 2D power spectrum (PS) and the related
autocorrelation function (ACF) of the STM images. The ra-
dially integrated 2D PS in Fig. 3(a) shows two exponential
decays (F and D) beside a peak at k=2/(|3 a)
~1.74 nm™' (¢=0.665 nm) of the atomic lattice (L). This
indicates that two separate effects contribute to the nanoscale
potential. They can be assigned to long-range potential fluc-
tuations (F) and local 2D screened Coulomb potentials
around the charged dopants (D). Fig. 3(b) shows the Lorent-
zian width of the radially integrated ACF versus the global
dopant concentration ngq,, ©Of both contributions. The
Lorentzian widths D remain unchanged at ~0.36 nm. This
value fits well to twice the radial screening length (2
X 0.2 nm) of the 2D screened Coulomb potential, calculated
with mq; and Er obtained above.'? Thus the contribution D
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FIG. 2. (Color online) (a) Local deviation from the average potential AE (left axis) derived from the local height change Az (right axis) as a function of the
local dopant concentration ny,., for different resolutions. The solid line is a fit to the data. Inset: corresponding height—voltage curve at a set current of 0.1 nA,
probing the energy (voltage) sensitivity of the tip. (b) Effective mass ng; vs the global dopant concentration 724, obtained from fitting different data sets. (c)
Schematics of the tunneling process with varying voltage (marked e_AV, Elue) and spatially varying local potential on the sample (AU). The currents are
indicated by triangles, respectively. Ecg is the CB minimum of the V3 X y3 Ga surface.
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FIG. 3. (Color online) (a) Radially integrated 2D power spectrum. Two exponential decays (F and D) and the peak arising from the atomic lattice (L) are
present. (b) Full width at half maximum of the potential fluctuations (F) and the local 2D screened Coulomb potential (D) as a function of the global dopant
concentration extracted from the power spectra. The potential fluctuations vanish at high concentrations. (c) Measured distribution of the conduction band edge
energy (resolution is 4.3 nm). The distribution is constituted by two Gaussian peaks, originating from the potential fluctuations (F) and the local 2D screened

Coulomb potentials (D).

to the nanoscale potential can be attributed to screening due
to electron-electron interactions.

In contrast, the widths of the long-range potential fluc-
tuations (F) decrease with the dopant concentration and van-
ish at ngjopy =6 X 10" cm™2. We recall that potential fluctua-
tions are essentially a collection of many n*-n** interfaces.
Their depletion width can be estimated to 0.6—1.1 nm,15 us-
ing a dielectric constant ranging between that of Si (eg;) and
a Si surface (egi+1)/2, 0.15 eV potential difference, and
dopant concentrations of 10'°~10'* cm™. Only fluctuations
in the dopant distribution that are spatially more extended
than twice the depletion width (=1.2-2.2 nm) lead to poten-
tial values as described by Eq. (2). This limit can be directly
visualized in Fig. 1(b). The smaller, 3-nm-wide area (marked
S) shows a weak dark contrast and thus weak potential
change, while the 6-nm-wide larger area (L) exhibits a pro-
nounced potential change. With increasing dopant concentra-
tions, the size of the fluctuations decreases and the probabil-
ity of having dopant fluctuations larger than twice the
depletion width vanish. This explains the observed trend of
the long-range potential fluctuations in Fig. 3(b).

Finally, the relation between the two physical effects
contributing to the nanoscale potential can be determined
from the measured probability distribution of the CB edge
(E¢) energy [Fig. 3(c)]. For statistically (Poisson) distributed
screened Coulomb potentials, one exgects a single Gaussian
distribution of the CB edge energy.1 Although our dopants
are Poisson distributed, our data is rather constituted of two
Gaussian peaks. This is a further indication that two contri-
butions to the nanoscale potential exist, which can be again
assigned to the long-range potential fluctuations (F) and the
local 2D screened Coulomb potentials (D). Gaussian peak D
is localized primarily on the left flank of the Gaussian peak
F, where the Fermi energy is near or above E.. Since the
dopants locally reduce the potential E-—Ep, they are prima-
rily localized in areas with a low or negative potential, i.e.,
on the left flank of peak F. Thus, the nanoscale potential
cannot be described by the sum of the local screened Cou-
lomb potentials only. It is rather given by the superposition
of the long-range potential fluctuations and the local devia-
tions of the screened Coulomb potentials from their spatial
average.

In conclusion, we visualized and quantified how dopant
atoms and their spatial distribution affect the local potential
at nanometer scale in a 2D semiconductor. We identified two

separate physical mechanisms contributing to the nanoscale
potential. First, local potential fluctuations arise from the lo-
cal concentration of charge carriers in the bands governed by
nanoscale inhomogeneities in the dopant distribution. This
regime disappears if the spatial extend of dopant fluctuations
reaches the extension of space charge regions. Second, due
to the presence of charged dopants, the nanoscale potential is
superimposed by the local deviations of the screened Cou-
lomb potentials from their spatial average. The potential is
not the simple sum of all screened Coulomb potentials
around charged dopants. These results provide the experi-
mental basis for understanding quantitatively the potential in
spatially and dimensionally reduced semiconductor struc-
tures and devices.
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