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Interaction between nitrogen (N) impurity states in III-V compounds plays key roles in controlling optoelectronic properties of
the host materials. Here, we use scanning tunneling microscopy to characterize the spatial distribution and electronic properties
of N impurity states in dilute GaNAs. We demonstrated that the N impurity states can be directly visualized by taking empty state
current images using the multipass scanning method. The N impurity states broadened over several nanometers and exhibited
a highly anisotropic distribution with a bowtie-like shape on the GaAs(110) surface, which can be explained by anisotropic
propagation of strain along the zigzag chains of Ga and As atoms on the{110} planes. Our experimental findings provide strong
insights into a possible role of N impurity states in modifying properties of the host materials.

1 Introduction

Nitrogen (N) doped III-V compounds have attracted atten-
tion due to their unique electronic properties, including large
band gap reduction1–7 and emission of extremely narrow band
width luminescence from the N impurity center.8–12 These
distinctive properties have been considered to be induced by
the interaction between the N impurity states and/or between
the N impurity states and electronic states of the host semi-
conductor. However, the detailed mechanism of the interac-
tion has not been fully understood, and some issues remain
controversial from a theoretical point of view.13–17One major
factor preventing the fundamental understanding is a lack of
real space information on the N impurity states.

To date, scanning tunneling microscopy (STM) has been
used to provide experimental evidence of spatial distribution
of the N impurity states.18–21 In those studies, most of the

† Electronic Supplementary Information (ESI) available: Identification of N
impurity positions in terms of depth of depressions in the filled state topo-
graphic image. Filled state topographic images of N impurity in fourth plane.
Slight modification of topographic height due to existence of N impurity in
sixth plane. Current images taken around surface adsorbates. Current and
dI/dV images extracted from current imaging tunneling spectroscopy data.
Current image of fifth plane N impurity without height correction. Line pro-
files taken along the [001] and [1̄10] for N impurities in first to eighth planes.
Differential tunneling conductance spectra obtained above N impurities in first
to eighth planes. Position dependence of differential tunneling conductance
spectra obtained at N impurity in second plane. Detailed growth conditions
of each N-doped GaAs layer.
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STM images were obtained at negative sample voltages (cor-
responding to filled state images) that showed only localized
features of N atoms at substitutional As site. To directly visu-
alize the broadening of the N impurity states, relatively small
positive voltages (which provide empty state images) are re-
quired since the N impurity states are located close to the con-
duction band (CB) minimum.21–23 However, low tunneling
conductance at such energy ranges disturbs a stable scanning
of a tip over surfaces.

Here, we performed STM measurements on the (110) sur-
face of N-doped GaAs and succeeded in visualizing the broad-
ening of the N impurity states. To image distribution of lo-
cal density of states (LDOS) at energy ranges where tunnel-
ing conductance is low, we employed the multipass scanning
method. This method enables empty state current images at
around the CB minimum to be provided simultaneously with
filled state topographic images. We clarified that the N impu-
rity states were not localized at the impurity site but broad-
ened over several nanometers with a highly anisotropic distri-
bution. The broadening and symmetry of the distribution var-
ied depending on the depth of the N atoms. The origin of the
anisotropic distribution is discussed on the basis of the results
from a recent density functional theory (DFT) study.17

2 Results and Discussion

Figure 1(a) shows a constant-current STM image (topographic
image obtained in the first pass, see Methods for details) of the
sample around a N-doped layer, acquired with a sample volt-
age (VS) of −2.5 V and a tunneling current (IT) of 100 pA. In
addition to the As rows running along the [1̄10] direction,24,25
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several N-related features (bright or dark) were observed along
the doping layer, as indicated by numbers. The numbers cor-
respond with the atomic layer positions of N atoms below the
GaAs(110) surface, where 1 indicates the surface layer. The
atomic layer positions of the N atoms were determined with
reference to the previous reports18–20: dark spots located at
the surface As position were identified as the N atoms in the
first, third, and fifth planes in terms of the depth of depres-
sions in the topography (see Fig. S1). Second plane N atoms
were observed as a kink of the As row. In addition to those
features reported so far, we observed the N impurities in the
fourth plane. They were imaged as bright or dark features,
depending on the tip condition and lateral position at the sur-
face. A typical feature was three bright lines elongated along
the [001] direction. The length was about 2.3 nm (four times
the lattice constant of GaAs(110) in the [001] direction (a1)).
The separation between the lines was 0.8 nm (twice the lattice
constant of GaAs(110) in the [1̄10] direction (a2)), as exem-
plified in Fig. S2. In addition to the N-related feature, we also
observed other features that were difficult to identify, as indi-
cated by R in Fig. 1(a). Those features arise possibly from
residual surface contaminants or N atoms at the surface.18–20

To directly image the distribution of the N impurity states
close to the CB minimum,21–23we obtained current images at
empty states using the multipass scanning method (see Meth-
ods for details), instead of taking empty state topographic im-
ages with a conventional constant current mode of operation.
Figure 1(b) shows a current image taken at a bias voltage of
1.9 V with a z offset of−100 pm in the second pass. Since
the image was obtained simultaneously with the topographic
image in Fig. 1(a), the lateral surface positions of those im-
ages were identical. At the positions of the N impurities,
bright features broadening over several nanometers were ob-
served, in contrast to the localized character (dark spots) in
the topographic image. Considering the energy range of the
bias voltage, the broadening of those features is considered
to reflect spatial distributions of the N impurity states located
close to the CB minimum, as discussed later with scanning
tunneling spectroscopy (STS) data. These features had highly
anisotropic shapes, and the extent of the broadening was de-
pendent on the depth of the impurity position. Discernible
changes of the broadening depending on the N composition
(within the range from 0.1 to 1 %) was not observed. In the
topographic images, the atomic layer positions of N atoms
could be precisely determined only for those residing in the
first to fifth planes (though slight changes of the topographic
signals were also seen for the N atoms below the sixth plane,
as shown in Fig. S3). On the other hand, even the N atoms
below the sixth plane were clearly imaged in the current im-
ages, as exemplified by the one labeled 6 in Fig. 1(b). So far,
we have succeeded in identifying the N impurities in up to
the eighth plane below the surface (identification of the depth

will be discussed in detail later). Although topographic fea-
tures of the fourth plane impurity at negative voltages showed
the variations (bright or dark), the current images at positive
voltages exhibited a similar distribution independent of those
variations. We also performed imaging at positive voltages (<
3 V) with constant-current mode. However, the tip unexpect-
edly crashed into the surface at some areas during the scan-
ning. The current images at positive voltages showed that tun-
neling current was strongly suppressed around some surface
adsorbates, as shown in Fig. S4. Thus, the tip is considered to
crash when it came closer to such a region.

Strictly speaking, tunneling current at a bias voltage (V)
is proportional to the integral of the LDOS of the sample
at an energy window betweenEF and EF + eV (EF is the
Fermi level in the sample) weighted by an energy-dependent
transmission coefficient.26 Thus, differential tunneling con-
ductance (dI/dV) is a better signal to be used for imaging dis-
tribution of the LDOS at a specific energy since it is directly
proportional to the LDOS at an energy (E) with a relation-
shipE−EF = eV. However, when a bias voltage is set around
the CB minimum of the GaAs, only the LDOS around there
contribute to the tunneling current because the LDOS within
the bandgap is zero. As a result, the current images at such
energy range are expected to be similar to the corresponding
dI/dV images. In fact, we observed similar distributions of the
N-induced states between the current anddI/dV images at the
voltage range around the CB minimum, as shown in Fig. S5.
Since it takes a lot of time to acquire high qualitydI/dV im-
ages with comparable noise level to the current images, in this
work we performed current imaging to characterize the distri-
bution of the N-induced states.

Figures 2(a,b) show a high resolution topographic image
(VS = −2.5 V) and corrected current image (VS = 1.4 V) taken
around a single N impurity in the fifth plane below the sur-
face. The projected position of the N atom under the surface
is marked by a circle, which was determined from the posi-
tion of the depression in the topographic image.18–20 To ob-
tain the current image we detected current along the recorded
z trace in the first pass (instead of at a constant height), thus
the current values were modulated by not only the distribution
of the LDOS but also the height corrugation (which follows
the As rows in this case since the topography was obtained
at a negative voltage). To remove the influence of the height
corrugation, we transformed the image to constant height us-
ing the well-known form for the dependence of current (I ) on
tip-sample separation (s),27

I = I0 exp(−2κs), (1)

whereκ =
√

2mϕ̄/ℏ2 is the decay constant, determined by the
average work function of tip and sample (m: electron mass,ℏ:
Plank constant). The kappa values measured fromI -s curve
with our tip and sample were in the range 8-11 nm−1. First,
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Fig. 1 (a) Constant current topographic image of N-doped
GaAs(110) surface obtained atVS = −2.5 V andIT = 100 pA.
N-doped layer is clearly identified. (b) Current image (VS = 1.9 V)
taken simultaneously with (a) at the identical surface position using
the multipass scanning method. N induced features broadening over
several nanometers are imaged. The numbers in (a) and (b)
correspond with the atomic layer positions of the N below the
surface.

we calculated a height difference (∆z) from a reference point
at each pixel of the topographic image (here we took the max-
imum topographic height as a reference). After that, a current
value at each pixel in the current image was corrected for by
multiplying it by exp(−2κ∆z) (∆z has a positive value). We
used a value of 10 forκ in Fig. 2(b). Although this compensa-
tion method can in principle be applied for an arbitrary STM
study using the multipass method, there is one restriction that
it has to be used within the range ofs where tunneling cur-
rent shows an exponential dependence. Note that when the
tip-sample separation is very small, tunneling current deviates
from the exponential dependence28.

Since the current image reflects the LDOS in the empty
states, the round shape features in the image can be corre-
lated with the Ga sub-lattice.24,25 The N-induced feature was
superimposed on the round shape features, showing a highly
anisotropic distribution with a bowtie-like shape. The cross
sections along the [001] direction between A and A’ and along
the [1̄10] direction between B and B’ are shown in Fig. 2(c)
and (d), respectively. Dashed horizontal lines show a current
value at the Ga-related features of the bare GaAs sites. The
N induced feature broadened over∼2.8 nm in the [001] direc-
tion (5a1) and∼2 nm in the [̄110] direction (5a2). The cen-
ter of the broadening was located at the surface As position
where the N impurity exists directly underneath (the position
of depression in the topography). The edges of the bowtie-like

distribution were extended along the four equivalent⟨112⟩ di-
rections from the center. The distribution was symmetric with
respect to the (̄110) mirror plane but slightly asymmetric with
respect to the (001) mirror plane. The current values at the
right part of the bowtie-like shape were higher than those at
the left part [Fig. 2(c)]. Importantly, the magnitude of theκ
value (in the range 8-11 nm−1) for the height correction had
little effect on those characteristics of the N-induced feature.
In addition, the N induced feature in the raw data (without the
height correction) also showed the similar characteristics, as
shown in Fig. S6. Therefore, we concluded that those charac-
teristics of the N-induced feature were not induced by the ef-
fect of height corrugation included in the multipass scanning
method.

A recent DFT study by Virkkalaet al. reported that charge
density of the N-induced states propagated along the zigzag
chains of Ga and As atoms on the{110} planes (along the 12
equivalent directions) from the N impurity position.17 On the
basis of the theoretical predictions, we will discuss the ori-
gin of the anisotropic distribution of the N impurity states ob-
served in the current image. Figure 2(e) and (f) schematically
depict the charge density components traveling along the 12
equivalent directions, viewed along the [1̄10] and [110] direc-
tions (side and top view of the GaAs(110) surface), respec-
tively. An N atom resides in the fifth plane, and the charge
density components are depicted by arrows on the ball-stick
model of the GaAs lattice. In the side view [Fig. 2(e)], five
components (8-12) propagate downward (toward the bulk di-
rections). Note that the components at an angle include two
superimposed components. Component 10 propagates along
the [1̄1̄0] direction, and the other four components travel along
the ⟨112⟩ directions in the side view. Components 6 and 7
propagate along the vertical direction to the sheet (the [11̄0]
and [̄110] directions) and thus appear as localized features in
the side view. Toward the surface directions (upward direc-
tions), five components (1-5) exhibit a symmetrical distribu-
tion to the components going toward the bulk directions (8-12)
with respect to the (110) mirror plane. Since STM is a surface
sensitive technique, only the components that reach the sur-
face are expected to be imaged in the experiments. Therefore,
we depict the projection of components 1-5 in Fig. 2(e) to the
top view of the GaAs(110) surface in Fig. 2(f). Component
3 is localized at the projected N position, and the other four
components (1, 2, 4, and 5) propagate along the four equiv-
alent⟨112⟩ directions in the top view, exhibiting a cross-like
shape. The feature broadens over∼2.3 nm in the [001] direc-
tion (4a1) and∼2 nm in the [̄110] direction (5a2). The distri-
bution is symmetric with respect to the (1̄10) mirror plane but
asymmetric with respect to the (001) mirror plane due to the
asymmetry of the crystal structure.

The distribution of the N impurity states in the current im-
age in Fig. 2(b) is very consistent with the features of the
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charge density components discussed in Fig. 2(e,f): (i) the
center part of the distribution was imaged as a bright spot
(consistent with component 3 in the model), (ii) the edges
of the bowtie-like distribution coincide with the lines of the
cross-like feature in Fig. 2(f), (iii) the extent of the broaden-
ing in the [001] and [̄110] directions were comparable with
each other, and (iv) the distribution was asymmetric with re-
spect to the (001) mirror plane. On the basis of these findings,
we concluded that the N impurity states propagate along the
12 equivalent zigzag directions from the N impurity position
as predicted by the DFT calculation.17 According to the the-
ory, the electronic states induced by the N impurity originate
predominantly from the ionic relaxations (strain) propagating
along the zigzag chain, initiated by the strong and short Ga-N
bonding. Although we found reasonable agreements between
the theory and experiment, there are also some slight discrep-
ancies: in the current image, not only the lines of the cross-like
shape but also the areas between the lines were imaged bright,
showing the bowtie-like distribution. Also, the extension of
broadening of the N impurity states to the [001̄] direction (at
the left part of the bowtie-like distribution) was slightly larger
than that depicted in the model (Fig. 2(f)) by a1. These find-
ings suggest that the anisotropic strain propagating along the
zigzag chains also to some extent affect the ionic relaxations
in those regions where we saw discrepancies between the the-
ory and experiment. To analyze the ionic relaxations in detail,
description by first-principles calculation is required.

In the current images, we observed several features of the N
impurity states, as shown in Fig. 3(a1-a8) (also in Fig. 1(b)).
The current images in Fig. 3 were also transformed to con-
stant height in the same way as the one in Fig. 2(b). Those
features were distributed differently in size and symmetry: the
size increased by a lattice constant of GaAs(110), i.e., 0.565
nm in the [001] direction and 0.4 nm in the [11̄0] direction,
step by step from (a2) to (a8), as shown in Fig. S7. The center
position alternated between the As site in the first plane and
that in the second plane. Although we could not precisely de-
termine the size of broadening in the [11̄0] direction for the
image in (a8) [Fig. S7(c8)], it is expected to be 8a2 by tak-
ing into account the size of broadening in the [001] direction,
the center position and the overall shape of the feature. These
variations of the distribution can be explained by the differ-
ence in atomic layer positions of N atoms, based on the above
theoretical model.

Here, we consider the situations where N atoms reside in
the first to fourth planes. Figures 3(b1-b4) schematically de-
pict the charge density components that reach the surface in
the side view of GaAs(110). The first plane impurity has two
components running along the [11̄0] and [̄110] directions at
the surface, thus they appear as a localized feature in the side
view [Fig. 3(b1)]. These components do not appear at the sur-
face for impurities in other planes, as exemplified in Fig. 2(e)
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Fig. 2 High resolution (a) topographic image (VS = −2.5 V) and
(b) corrected current image (VS = 1.4 V) of single N impurity
located in the fifth plane below the surface. The projected position
of the N atom is indicated by a circle. N atom shows a dark spot
localized at the surface As site in (a) but exhibits a bright
bowtie-like distribution in (b). (c) and (d) show the cross sections
along line AA’ and BB’ in (b), respectively. (e) and (f) depict the
schematic of the propagation of N impurity states from side and top
view of GaAs(110), respectively.
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(components 6 and 7). In the case of second plane impurity,
four tilted components running along the⟨112⟩ directions in
the side view reach the surface [Fig. 3(b2)]. In addition to the
four tilted components, the third plane impurity has another
component propagating along the [110] direction [Fig. 3(b3)].
For the N impurity below the fourth plane, the charge density
has a distribution similar to that of the third plane impurity
except for the size of the broadening, as shown in Fig. 3(b4).
Figure 3(c1-c4) depict the projections of those charge density
components to the top view of the GaAs(110) surface. The
first plane impurity exhibits two components traveling par-
allel to the zigzag chain of Ga and As atoms at the surface
[Fig. 3(c1)]. The N impurities below the second plane show
the cross-like shape whose size increases in both the [1̄10] and
[001] directions by a lattice constant of GaAs(110) step by
step with the increase in the atomic layer positions [Fig. 3(c2-
c4)]. Note that the second plane impurity does not have a lo-
calized component at the projected N position due to the miss-
ing component traveling along the [110] direction. The center
of the distribution alternates between the As site in the first
plane and that at the second plane for the odd and even plane
impurities, respectively. This leads to a slight difference in
symmetry between the odd and even plane impurities. Also,
all the cross-like features are symmetric and asymmetric with
respect to the (̄110) and (001) mirror planes, respectively.

On the basis of the discussions above, we have determined
the atomic layer positions of the N atoms in Fig. 3(a1) to (a8)
to be the first to eighth planes, respectively, in terms of size
and symmetry of the N impurity states. The projected posi-
tions of the N atoms are marked by circles in Fig. 3(a1-a8).
The layer numbers determined from the current images agree
with those determined from the features in topographic images
in the previous reports.18–20Also, the distributions in the cur-
rent images are very consistent with the models in Fig. 3(c1-
c4) in many respects: the first plane impurity showed slight
increase in the intensity extended to [11̄0] and [̄110] directions
from the N positions [Fig. S7(c1)]. At the right part of the sec-
ond impurity feature, two bright spots were observed in the di-
rection of⟨112⟩ from the N position. At the left part, two com-
ponents with a weaker intensity were seen in the⟨112⟩ direc-
tions. The intensity difference between the right and left parts
provided the asymmetry in the distribution with respect to the
(001) mirror plane. Furthermore, the center part of the distri-
bution was imaged dark, which is consistent with the missing
component traveling along the [110] direction [Fig. 3(b2) and
(c2)]. The N impurity states below the third plane exhibited a
bright spot at the position of the projected N atoms and broad-
ened with a bowtie-like shape whose edges travel along the
four ⟨112⟩ directions. The current values at the right part of the
bowtie-like shape were higher than those at the left part, lead-
ing to an asymmetry with respect to the (001) mirror plane,
as shown in Fig. S7(b1-b8). So far, we have observed the N

impurities residing in up to the eighth plane. This indicates
that the N impurity states broaden over at least∼4.5 nm in the
[001] direction (8a1) and∼3.2 nm in the [1̄10] direction (8a2).
The corresponding length of a single component in the radial
direction from the N impurity position is about 3.4 nm.

To evaluate the electronic properties of the N impurity
states, we performed STS. Figure 4 showsdI/dV-V spectra
obtained at the bare GaAs site (averaged over the area in-
cluding both Ga and As atoms) and above the N impurity
sites in the third and sixth planes (at the position of circles
in Fig. 3(a3,a6)). During the spectrum measurements, the tip
state did not substantially change. In all the spectra, the band
gap was observed to be larger than that of the GaAs (∼1.5
eV at 78 K) due to the tip-induced band bending.27,29,30 In
the empty states, the spectra obtained above the N sites dis-
played a peak, as indicated by arrows, while the spectrum at
the GaAs site showed no spectral features. The energy po-
sition of the peak for the sixth plane impurity is lower than
that for the third. These peaks can be identified as arising
from the N impurity states since they appeared only in the
spectra obtained at the N impurity sites. The energy posi-
tions of the peaks were located close to the onset of the dI/dV
signals arising from the CB states of GaAs, suggesting that
the N impurity states are located close to the CB edge. In
fact, this finding is consistent with the previous report.21–23

Some spectral features were also observed in the filled states
at the voltage ranges from−1.7 to−2.3 V. Those features were
nearly identical in all the spectra, thus they can be attributed to
the surface resonant states of the GaAs(110) surface originat-
ing from the As dangling bonds.25,31 We also performed STS
above the N impurity in each plane (at the positions of circles
in Fig. 3(a1-a8)), as shown in Fig. S8. Those spectra were
obtained at the area with N compositions ranging from 0.1 to
0.3 %. The spectra obtained above the N atoms in the third
to eighth planes exhibited peaks around the CB minimum as
indicated by arrows while the spectra from the first and second
plane impurities did not show distinct spectral features in the
empty states though the conductance values were higher than
those at the bare GaAs sites. The energy range where the peak
features were observed was well coincident with the voltage
range we used for the current imaging. This finding suggests
that the anisotropic distributions in the current images reflect
the broadening of the N impurity states located close to the
CB minimum.

In Fig. S8, the energy position and intensity of the peak aris-
ing from N impurity states varied among the spectra. The vari-
ations can be attributed to the difference in the tip state and/or
fluctuation of the surface potential due to the existence of de-
fects, adsorbates, etc. The N impurities in the same plane also
showed different spectral shapes for those reasons. However,
when the spectra were obtained at the positions close to each
other with an identical tip state, the energy position of the peak
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Fig. 3 (a1-a8) Corrected current images of N impurities located in
the first to eighth planes. The bias voltages were (a1-a4) 1.8 V and
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reaching the surface from side and top views of GaAs(110),
respectively.
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Fig. 4 Differential tunneling conductance spectra obtained at bare
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somewhat correlated with the depth of the impurity position:
the peak position shifted to lower energy ranges as the depth
increased, as exemplified in Fig. 4. Although we have to con-
firm the reproducibility for this, a similar tendency was also
reproducibly observed in the current imaging measurements:
lower bias voltages were needed to visualize the N impurity
states in deeper planes. These findings suggest a possibility
that the energy position of the N impurity states is correlated
with the size of strain, i.e., as the strain becomes weaker along
the zigzag chains, the position of the energy states shifts to the
lower energy.

Distinct peak features around CB minimum are absent in
the spectra for the impurities in the first and second plane
[Fig. S8]. One possible reason for this is the missing com-
ponent of the strain propagation along the [110] direction, as
shown in Figs. 3(b1) and (b2). However, distinct spectral fea-
tures were not observed either, even at the position where the
strain propagation components exist. For example, the spec-
tra obtained at the two bright spots in Fig. 3(a2) exhibited
only slight shoulder features in the empty states, as shown
in Fig. S9. This suggests that relaxation of N-induced strain
(which is the predominant cause of the formation of the N
impurity states) due to the existence of the surface (surface
relaxation) plays a key role in reducing the spectral features
in the empty states. Since the third plane impurity showed
a distinct peak feature in the spectrum, the influence of the
surface relaxation is considered to be limited within the first
and second planes. In fact, this is consistent with the fact that
surface relaxation and resultant change of the bonding config-
uration occurred only in the first and second layers in the case
of GaAs(110)24,32.

3 Conclusion

We performed STM/STS measurements on dilute GaNAs sur-
faces. We showed that broadening of the N impurity states
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can be directly visualized by taking a current image at empty
states. The N impurity states was not localized at the substi-
tutional As site but broadened over several nanometers with a
highly anisotropic bowtie-like distribution on the GaAs(110)
surface. The anisotropic distribution can be explained by the
propagation of strain along the zigzag chains of Ga and As
atoms on the{110} planes. We succeeded in identifying the
atomic layer positions of N atoms up to the eighth plane from
the broadening and symmetry of the distribution of N impu-
rity states. STS measurements suggested that the energy po-
sition of the N induced states possibly correlates with the size
of strain. Our experimental results provide strong insight into
a possible role in modifying the optoelectronic properties of
N-doped III-V compounds.

4 Methods

Sample preparation. We fabricated ten N-doped GaAs lay-
ers (from layers 1 to 10) with different doping densities on
the n-type GaAs(001) substrate by a molecular beam epitaxy.
Each N doping was performed in the middle of a 100 nm in-
trinsic GaAs layer. Active N species were provided by a radio-
frequency (rf) N plasma source (ARIOS IRFS-504). The high-
purity N2 gas was fed into the plasma source through a purifi-
cation filter at a flow rate of 0.06 sccm. The rf power was set
at 400 W during the growth supply. The intensity of As4 flux
was 2× 10−5 Torr beam equivalent pressure. N concentrations
in each layer were measured by secondary-ion mass spectrom-
etry. The sheet densities were gradually increased from 4.9×
1012 to 1.5× 1014 atoms/cm2 froms layer 1 to 10. The STM
measurements were performed on the layers with doping den-
sities of 1.3 - 2.7× 1013 atoms/cm2 (layer 3-5). The volume
percentage of N impurities estimated from the STM images
was in the range from 0.1 to 1.0 %. The growth conditions in
each layer are described in detail in the supplementary infor-
mation.

STM measurements.
All the measurements were performed at 78 K under the ul-

trahigh vacuum condition (UHV) (< 1×10−8 Pa) with a low
temperature STM system (Unisoku USM-1400). Commercial
PtIr tips (Unisoku) with a radius of curvature less than 20 nm
were used. The tips were heated in UHV by electron bom-
bardment (1 kV, 1 mA) for 1 min and sometimes treated by
voltage pulses (around 4 V) in the tunneling regime. An n-
type GaAs(001) wafer with N-doped layers on top was cleaved
at room temperature to obtain a clean GaAs(110) surface and
immediately transferred to the low temperature STM head. A
bias voltage was applied to the sample with respect to the tip.
In the STS experiments, tunneling current was measured as
a function of bias voltage. Differential tunneling conductance
spectra (dI/dV-V) were calculated by the numerical derivation
of the I -V spectra.

To directly visualize the N impurity states close to the CB
minimum, we applied the multipass scanning method33,34 to
current imaging of STM. We used Nanonis SPM control sys-
tem and the Multipass configuration. In this method, the STM
tip scans the same raster line more than twice. In the first pass,
topography (z channel) signals are recorded in a constant cur-
rent mode (conventional STM measurement). In the second
pass, the STM tip follows the recorded trace of the z signals
in the first pass while the feedback loop is opened. During
the second pass, tunneling current at a specific bias voltage
is acquired as an imaging signal. A constant offset value can
also be added to the recorded z signals (positive values corre-
spond to the so-called lift mode). This method enables visu-
alization of electronic states located even at a low tunneling
conductance regime, such as surface states within the band
gap of semiconductors. To image the N impurity states, we
recorded a topography in the first pass at a relatively large
negative voltage (in which tunneling conductance was suffi-
ciently high at all positions of the surface), and a current image
was obtained at positive voltages close to the CB minimum in
the second pass. In principle, identical current images can
also be obtained by using so-called current imaging tunneling
spectroscopy (CITS).26 However, in practice, the multipass
method has some advantages over CITS. For example, it en-
ables us to scan a relatively large area (even more than 50 nm
× 50 nm) with a sufficient number of data points (more than
512× 512) within a reasonable acquisition time.
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