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Interaction between nitrogen (N) impurity states in 1lI-V compounds plays key roles in controlling optoelectronic propeiues of
the host materials. Here, we use scanning tunneling microscopy to characterize the spatial distribution and electronic piuperties
of N impurity states in dilute GaNAs. We demonstrated that the N impurity states can be directly visualized by taking er... ., state
current images using the multipass scanning method. The N impurity states broadened over several nanometers a' .." . <hibite
a highly anisotropic distribution with a bowtie-like shape on the GaAs(110) surface, which can be explained by ar.’s *".opic
propagation of strain along the zigzag chains of Ga and As atoms ¢hlBeplanes. Our experimental findings provide . _.._
insights into a possible role of N impurity states in modifying properties of the host materials.

1 Introduction STM images were obtained at negative sample voltages (cor-
responding to filled state images) that showed only locc e |
Nitrogen (N) doped IlI-V compounds have attracted atten-features of N atoms at substitutional As site. To directly \.
tion due to their unique electronic properties, including largealize the broadening of the N impurity states, relatively s .. 1.’
band gap reductioht’ and emission of extremely narrow band positive voltages (which provide empty state images) ai. .-
width luminescence from the N impurity cenfér:2 These  quired since the N impurity states are located close tot= == -
distinctive properties have been considered to be induced byuction band (CB) minimuni—22 However, low tunnelin~
the interaction between the N impurity states/andbetween  conductance at such energy ranges disturbs a stable scanr.n
the N impurity states and electronic states of the host semiof a tip over surfaces.
conductor. However, the detailed mechanism of the interac- Here, we performed STM measurements on the (11C ¢ -
tion has not been fully understood, and some issues remaiace of N-doped GaAs and succeeded in visualizing the broa-
controversial from a theoretical point of vieW-2’One major  ening of the N impurity states. To image distribution 0. lo-
factor preventing the fundamental understanding is a lack ofal density of states (LDOS) at energy ranges where tunnel-
real space information on the N impurity states. ing conductance is low, we employed the multipass sca 'nir j
To date, scanning tunneling microscopy (STM) has beefmethod. This method enables empty state current images at
used to provide experimental evidence of spatial distributiotaround the CB minimum to be provided simultaneous' wi n
of the N impurity stated®-2!In those studies, most of the filled state topographic images. We clarified that the N imjp.

¢ Electronic Supp! tary Information (ES) available: Identfication of N rity states were not localized at the impurity site but broad-
ectronic Supplementary Information available: Identification o . . . P
impurity positions in terms of depth of depressions in the filled state '[opo-ened over several nanometers with a hlghly anisotropic .. t

graphic image. Filled state topographic images of N impurity in fourth plane.bUtion. The broadening and symmetry of the distribution
Slight modification of topographic height due to existence of N impurity in ied depending on the depth of the N atoms. The origir. = ..C

sixth plane. Current images taken around surface adsorbates. Current a@fhisotropic distribution is discussed on the basis of ther . .. 3

dl/dV images extracted from current imaging tunneling spectroscopy dat . .
Current image of fifth plane N impurity without height correction. Line pro-afrom arecent denSIty functional theory (DFT) Stujd'y'

files taken along the [001] and 0] for N impurities in first to eighth planes.
Differential tunneling conductance spectra obtained above N impurities in firs?
to eighth planes. Position dependence dfedéential tunneling conductance
spectra obtained at N impurity in second plane. Detailed growth conditions
of each N-doped GaAs layer. Figure 1(a) shows a constant-current STM image (topograpt.c

2 National Institute for Materials Sci Lo Tukuba. b k_image obtained in the first pass, see Methods for details) sru 2
ational Institute for Materials Science, 1-2- engen, |sukuba, Ibaraki _ : . A
305-0047, Japan: E-mail: ishida nobuyuki@nims.go.jp sample around a N-doped layer, acquired with a sample . _.c

b RIKEN, The Institute of Physical and Chemical Research, Wako, Saitam@ge_ﬁ_/S) of -25Vand a tunpeling current) O_f 10(_) PA. Ir
351-0198, Japan addition to the As rows running along thil[0] direction24:2"

Results and Discussion
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several N-related features (bright or dark) were observed alongill be discussed in detail later). Although topographic fea-
the doping layer, as indicated by numbers. The numbers cotures of the fourth plane impurity at negative voltages showed
respond with the atomic layer positions of N atoms below thethe variations (bright or dark), the current images at pu uve
GaAs(110) surface, where 1 indicates the surface layer. Theoltages exhibited a similar distribution independent of t".us
atomic layer positions of the N atoms were determined withvariations. We also performed imaging at positive voltag:
reference to the previous repot¥s?® dark spots located at 3 V) with constant-current mode. However, the tip une |

the surface As position were identified as the N atoms in thedly crashed into the surface at some areas during the scan-
first, third, and fifth planes in terms of the depth of depres-ning. The current images at positive voltages showed that tun-
sions in the topography (see Fig. S1). Second plane N atom®eling current was strongly suppressed around some ¢ irfa .e
were observed as a kink of the As row. In addition to thoseadsorbates, as shown in Fig. S4. Thus, the tip is considered to
features reported so far, we observed the N impurities in therash when it came closer to such a region.

fourth plane. They were imaged as bright or dark features, Strictly speaking, tunneling current at a bias voltay@ (
depending on the tip condition and lateral position at the suris proportional to the integral of the LDOS of the sample
face. A typical feature was three bright lines elongated alongt an energy window betweelsr and Er + eV (Er is the

the [001] direction. The length was about 2.3 nm (four timesFermi level in the sample) weighted by an energy-depe went
the lattice constant of GaAs(110) in the [001] directiop)(a  transmission cd@icient?® Thus, diferential tunneling co..
The separation between the lines was 0.8 nm (twice the latticductancedl/dV) is a better signal to be used for imaging . »-
constant of GaAs(110) in the D] direction (a)), as exem- tribution of the LDOS at a specific energy since it is direct,,
plified in Fig. S2. In addition to the N-related feature, we alsoproportional to the LDOS at an energig)(with a relatic -
observed other features that weréidult to identify, as indi-  shipE — EF = eV. However, when a bias voltage is set arn'*~ ..
cated by R in Fig. 1(a). Those features arise possibly fromthe CB minimum of the GaAs, only the LDOS arounc uiiv
residual surface contaminants or N atoms at the suff&@8.  contribute to the tunneling current because the LDOS within

To directly image the distribution of the N impurity states € bandgap is zero. As a result, the current images « - h
close to the CB minimurd:-23we obtained current images at €N€rdy range are expected to be similar to the correspc. * g
empty states using the multipass scanning method (see MetH-V_dV images. In fact, we observed similar dlgtrlbutlons of .
ods for details), instead of taking empty state topographic im!N-induced states between the current diydV images at tf,
ages with a conventional constant current mode of operation/©!tage range around the CB minimum, as shown in Fi= €
Figure 1(b) shows a current image taken at a bias voltage op"c€ It takes a lot of time to acquire high quality/dV im-

1.9 V with a z dfset of—100 pm in the second pass. Since 39€S with comparable noise level to the current images, 11 th 3

the image was obtained simultaneously with the topographi®/rk we performed current imaging to characterize the dis'ri-
bution of the N-induced states.

image in Fig. 1(a), the lateral surface positions of those im-"""" : ) o
ages were identical. At the positions of the N impurities, F19ures 2(a,b) show a high resolution topographic image
—2.5V) and corrected current imageéq = 1.4 V) take:

bright features broadening over several nanometers were 05\—/5 = v - “H s )
served, in contrast to the localized character (dark spots) ifound a single N impurity in the fifth plane below the sur
the topographic image. Considering the energy range of th.gjlce. The prOJect_ed position of the N atom under the st 'far- 2
bias voltage, the broadening of those features is considerdg Marked by a circle, which was determined fro(gn the. post-
to reflect spatial distributions of the N impurity states located!ion Of the depression in the topographic ima§e® To ¢ ‘
close to the CB minimum, as discussed later with scanning@n the currentimage we detected current along the recu, . ~d
tunneling spectroscopy (STS) data. These features had high trace in the first pass (instead of at a constant hglgljt), thus
anisotropic shapes, and the extent of the broadening was di1€ current values were modulated by not only the distribr . >
pendent on the depth of the impurity position. Discernible®f the LDOS but also the height corrugation (which follv =
changes of the broadening depending on the N compositiof{!® AS rows in this case since the topography was c==" 1
(within the range from 0.1 to 1 %) was not observed. In the®t & Negative voltage). To remove the influence of the h",".(
topographic images, the atomic layer positions of N atc)ms_corrugatmn, we transformed the image to constant heig. t - -
could be precisely determined only for those residing in thdnd the weII—known.form;;or the dependence of curreitdr

first to fifth planes (though slight changes of the topographidiP-Sample separatiors,

signals were a]so seen for the N atoms below the sixth plane, | = lg exp2«9), (1

as shown in Fig. S3). On the other hand, even the N atoms

below the sixth plane were clearly imaged in the current im-wherex = /2mg/#2 is the decay constant, determined by e
ages, as exemplified by the one labeled 6 in Fig. 1(b). So faiverage work function of tip and sample (m: electron mas.,
we have succeeded in identifying the N impurities in up toPlank constant). The kappa values measured frescurve

the eighth plane below the surface (identification of the deptiwith our tip and sample were in the range 8-11AmFirst.

2| Journal Name, 2010, [vol]1-8 This journal is © The Royal Society of Chemistry [year]
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distribution were extended along the four equivaldrit?) di-
rections from the center. The distribution was symmetric with
respect to thel(10) mirror plane but slightly asymmetric v v
respect to the (001) mirror plane. The current values 7 . u.»
right part of the bowtie-like shape were higher than tho

the left part [Fig. 2(c)]. Importantly, the magnitude of %
value (in the range 8-11 nmh) for the height correction h. d
little effect on those characteristics of the N-induced feature.
In addition, the N induced feature in the raw data (withou - thr
height correction) also showed the similar characteristics, as
shown in Fig. S6. Therefore, we concluded that those ct 2 ar -
teristics of the N-induced feature were not induced by the er-
fect of height corrugation included in the multipass scanninc

method.
: A recent DFT study by Virkkal&t al. reported that char_e
0pm 100 pm 8 pA 45 pA density of the N-induced states propagated along the ziyzag
chains of Ga and As atoms on tfiELO} planes (along the .
Fig. 1 (a) Constant current topographic image of N-doped equivalent directions) from the N impurity positidA.On the
GaAs(110) surface obtained = —2.5 V andly = 100 pA. basis of the theoretical predictions, we will discuss t. * -

N-doped layer is clearly identified. (b) Currentimayg & 1.9 V) gin of the anisotropic distribution of the N impurity states .-
taken sir_nultaneousl_y with (a) at the_ identical surface position. using served in the current image. Figure 2(e) and (f) schemaucany
the multipass scanning method. N induced feat_ures broadening Ovetﬁepict the charge density components traveling along the 12
several nanometers are imaged. The numbers in (a) and (b) . . . . bW N
correspond with the atomic layer positions of the N below the gquwale_nt dlrectlons,_VIewed along tel] and [110] direc -
surface. tions (side and top view of the GaAs(110) surface), res,_.-
tively. An N atom resides in the fifth plane, and the ch a .
density components are depicted by arrows on the ball-_ "«
we calculated a height filerence 42) from a reference point model of the GaAs lattice. In the side view [Fig. 2(e)], =
at each pixel of the topographic image (here we took the maxcomponents (8-12) propagate downward (toward the bu*. "
imum topographic height as a reference). After that, a currentections). Note that the components at an angle includ- #+~
value at each pixel in the current image was corrected for bypuperimposed components. Component 10 propagates ~'cng
multiplying it by exp-2«xAz) (Az has a positive value). We the [110] direction, and the other four components travel e 22
used a value of 10 forin Fig. 2(b). Although this compensa- the (112 directions in the side view. Components 6 ard 7
tion method can in principle be applied for an arbitrary STM propagate along the vertical direction to the sheet (1@, "
study using the multipass method, there is one restriction tha@nd [L10] directions) and thus appear as localized featurs:n
it has to be used within the range sfvhere tunneling cur- the side view. Toward the surface directions (upward c e~
rent shows an exponential dependence. Note that when tHns), five components (1-5) exhibit a symmetrical distribr*
tip-sample separation is very small, tunneling current deviate§on to the components going toward the bulk directions -1 2)
from the exponential dependerfée with respect to the (110) mirror plane. Since STM is a Surtac.
Since the current image reflects the LDOS in the emptysensitive technique, only the components that reach the sur-
states, the round shape features in the image can be corrigce are expected to be imaged in the experiments. The’ = 5.2,
lated with the Ga sub-lattic&2° The N-induced feature was We depict the projection of components 1-5 in Fig. 2(e) to ..
superimposed on the round shape features, showing a highigp view of the GaAs(110) surface in Fig. 2(f). Compuiicii
anisotropic distribution with a bowtie-like shape. The cross3 is localized at the projected N position, and the other . ..
sections along the [001] direction between A and A and alongcomponents (1, 2, 4, and 5) propagate along the four equ..-
the [110] direction between B and B’ are shown in Fig. 2(c) alent(112) directions in the top view, exhibiting a cross-' <e
and (d), respectively. Dashed horizontal lines show a currenghape. The feature broadens ov@r3 nm in the [001] direc
value at the Ga-related features of the bare GaAs sites. TH#N (4a) and~2 nm in the 10] direction (5@). The distri
N induced feature broadened ove2.8 nm in the [001] direc-  bution is symmetric with respect to thel(0) mirror plane bu..
tion (5a) and~2 nm in the [L10] direction (5a). The cen- asymmetric with respect to the (001) mirror plane due t u. >
ter of the broadening was located at the surface As positio@symmetry of the crystal structure.
where the N impurity exists directly underneath (the position The distribution of the N impurity states in the current ...
of depression in the topography). The edges of the bowtie-likage in Fig. 2(b) is very consistent with the features o* "

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-8 |3
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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 calculatidi.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-C
ancies: in the currentimage, not only the lines of the cross-like ~ g
shape but also the areas between the lines were imaged bright,
showing the bowtie-like distribution. Also, the extension of fa i ;
broadening of the N impurity states to the JQ@irection (at £6 PN IR EAVATAVA TRV S
the left part of the bowtie-like distribution) was slightly larger 5 ! | ;
than that depicted in the model (Fig. 2(f)) by. a'hese find-

ings suggest that the anisotropic strain propagating along the

Curre

é«— 5a, —»:

i~ 5a —~

zigzag chains also to some exteffieat the ionic relaxations 0 10 20 30 40 S S ——
in those regions where we saw discrepancies between the the- Distance (nm) Distance (nm)
ory and experiment. To analyze the ionic relaxations in detail, o) sige yiew [110] (f) Top view r [001]

description by first-principles calculation is required.

In the current images, we observed several features of the N2 3
impurity states, as shown in Fig. 3(al-a8) (also in Fig. 1(b)). “@. fa
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 distributedftierently in size and symmetry: the 70
size increased by a lattice constant of GaAs(110), i.e., 0.565°
nm in the [001] direction and 0.4 nm in thel[@] direction, . Bio
step by step from (a2) to (a8), as shown in Fig. S7. The centes, 10 11,12
position alternated between the As site in the first plane andg i jayera ©Deeper layerGa © N
that in the second plane. Although we could not precisely de- 4 jayer As oDeeper layer Ga
termine the size of broadening in thel[] direction for the
image in (a8) [Fig. S7(c8)], it is expected to be;8ay tak-  Fig. 2 High resolution (a) topographic imageéq = -2.5 V) and
ing into account the size of broadening in the [001] direction,(b) corrected current imag¥®§ = 1.4 V) of single N impurity
the center position and the overall shape of the feature. Thedecated in the fifth plane below the surface. The projected posit.
variations of the distribution can be explained by thefegi  ©f the N atom is indicated by a circle. N atom shows a dark s,

ence in atomic layer positions of N atoms, based on the abov@calized at the surface As site in (a) but exhibits a bright
theoretical model bowtie-like distribution in (b). (c) and (d) show the cross sectioi s

: . . . .along line AA and BB’ in (b), respectively. (e) and (f) depict the
Here, we consider the situations where N atoms_re3|de I3chematic of the propagation of N impurity states from side an' tor
the first to fourth planes. Figures 3(b1-b4) schematically deview of GaAs(110), respectively.

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 thelfd] and [L10] 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)

[001] [110]
OQ Q OQ O @
Q

de2020%0
Jegega200
PLHPH

VooONOTULTA WN =

8
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(components 6 and 7). In the case of second plane impuritympurities residing in up to the eighth plane. This indicates
four tilted components running along th&l2) directions in  that the N impurity states broaden over at leas nm in the

the side view reach the surface [Fig. 3(b2)]. In addition to the[001] direction (8a) and~3.2 nm in the [10] direction (8a,

four tilted components, the third plane impurity has anotherThe corresponding length of a single component in the ' . !
component propagating along the [110] direction [Fig. 3(b3)].direction from the N impurity position is about 3.4 nm.

For the N impurity below the fourth plane, the charge density To evaluate the electronic properties of the N impa. .y
has a distribution similar to that of the third plane impurity states, we performed STS. Figure 4 shaWsdV-V spectr-
except for the size of the broadening, as shown in Fig. 3(b4)ebtained at the bare GaAs site (averaged over the arra ‘n-
Figure 3(c1-c4) depict the projections of those charge densitg|uding both Ga and As atoms) and above the N imp it
components to the top view of the GaAs(110) surface. Theites in the third and sixth planes (at the position of circles
first plane impurity exhibits two components traveling par-in Fig. 3(a3,a6)). During the spectrum measurements, { v i)
allel to the zigzag chain of Ga and As atoms at the surfacetate did not substantially change. In all the spectra, the h~rd
[Fig. 3(c1)]. The N impurities below the second plane showgap was observed to be larger than that of the Gasy

the cross-like shape whose size increases in botiit pnd eV at 78 K) due to the tip-induced band bendficf30 In

[001] directions by a lattice constant of GaAs(110) step bythe empty states, the spectra obtained above the N sit. s dis-
step with the increase in the atomic layer positions [Fig. 3(c2played a peak, as indicated by arrows, while the spectrur at
c4)]. Note that the second plane impurity does not have a Iothe GaAs site showed no spectral features. The ener(y po-
calized component at the projected N position due to the misssition of the peak for the sixth plane impurity is lower thai
ing component traveling along the [110] direction. The centetthat for the third. These peaks can be identified as iy
of the distribution alternates between the As site in the firsfrom the N impurity states since they appeared only i~ ..c
plane and that at the second plane for the odd and even plargectra obtained at the N impurity sites. The energy pusi-
impurities, respectively. This leads to a slightfefence in  tions of the peaks were located close to the onset of thi/d|
symmetry between the odd and even plane impurities. Alsosignals arising from the CB states of GaAs, suggestine it
all the cross-like features are symmetric and asymmetric withhe N impurity states are located close to the CB edge. .
respect to thel(10) and (001) mirror planes, respectively.  fact, this finding is consistent with the previous repdn?®

On the basis of the discussions above, we have determine@ome spectral features were also observed in the filled - __.cs
the atomic layer positions of the N atoms in Fig. 3(al) to (a8)at the voltage ranges froril.7 to—2.3 V. Those features v.
to be the first to eighth planes, respectively, in terms of sizéearly identical in all the spectra, thus they can be attribut = "o
and symmetry of the N impurity states. The projected posi.the surface resonant states of the GaAs(llO) surface or: vir
tions of the N atoms are marked by circles in Fig. 3(al-a8)ing from the As dangling bond®3! We also performed ST
The layer numbers determined from the current images agrezbove the N impurity in each plane (at the positions of ci = =
with those determined from the features in topographic imagel Fig. 3(al-a8)), as shown in Fig. S8. Those spectra ‘ve e
in the previous report&€-20Also, the distributions in the cur- Obtained at the area with N compositions ranging from € 1 ¢
rent images are very consistent with the models in Fig. 3(c10-3 %. The spectra obtained above the N atoms in the *hi-d
c4) in many respects: the first plane impurity showed slighto eighth planes exhibited peaks around the CB minimu ™ -5
increase in the intensity extended td (] and [L10] directions indicated by arrows while the spectra from the first and secor |
from the N positions [Fig. S7(c1)]. At the right part of the sec- plane impurities did not show distinct spectral feature« «111e
ond impurity feature, two bright spots were observed in the di€mpty states though the conductance values were higher v. in
rection of(112) from the N position. At the left part, two com- those at the bare GaAs sites. The energy range where the peak
ponents with a weaker intensity were seen in¢hk2) direc- features were observed was well coincident with the vc .« g
tions. The intensity dierence between the right and left parts range we used for the current imaging. This finding sugy--.s
provided the asymmetry in the distribution with respect to thethat the anisotropic distributions in the current images <t
(001) mirror plane. Furthermore, the center part of the distrithe broadening of the N impurity states located close t, .=
bution was imaged dark, which is consistent with the missingcB minimum.
component traveling along the [110] direction [Fig. 3(b2) and In Fig. S8, the energy position and intensity of the peak aris
(c2)]. The N impurity states below the third plane exhibited aing from N impurity states varied among the spectra. The vaui-
bright spot at the position of the projected N atoms and broadations can be attributed to theffdirence in the tip state afa
ened with a bowtie-like shape whose edges travel along th#luctuation of the surface potential due to the existence o de-
four (112 directions. The current values at the right part of thefects, adsorbates, etc. The N impurities in the same plar : ai 0
bowtie-like shape were higher than those at the left part, leadshowed diferent spectral shapes for those reasons. How. . cr,
ing to an asymmetry with respect to the (001) mirror plane,when the spectra were obtained at the positions close t¢ c.ch
as shown in Fig. S7(b1-b8). So far, we have observed the Nther with an identical tip state, the energy position of the

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-8 |5
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600 — GaAs
500 N (3rd layer) ¢
= — N (6th layer)
=< 400
£
> 300
2
S 200

(@4) (a5) 100
& = 1 20 10 0 10 20
Bias voltage (V)
@) = High Fig. 4 Differential tunneling conductance spectra obtained at ..... .
1001] GaAs and above N impurities in third and sixth planes.

o 4 o _r
[110]

-~ somewhat correlated with the depth of the impurity position

o ) the peak position shifted to lower energy ranges as the ltph
(b1) Side view (c1) Top view . . . .

o 8 increased, as exemplified in Fig. 4. Although we have to con-
firm the reproducibility for this, a similar tendency was '~
reproducibly observed in the current imaging measure ..cis:
lower bias voltages were needed to visualize the N impurity
states in deeper planes. These findings suggest a possihility
that the energy position of the N impurity states is corre’ate:'
with the size of strain, i.e., as the strain becomes weaker awung
the zigzag chains, the position of the energy states shifts .c ti e
lower energy.

Distinct peak features around CB minimum are absc.i ui
the spectra for the impurities in the first and second ! ian»
[Fig. S8]. One possible reason for this is the missing ...
ponent of the strain propagation along the [110] directio’., &3
shown in Figs. 3(b1) and (b2). However, distinct spectrai *
tures were not observed either, even at the position whe 2 .. e
strain propagation components exist. For example, the . _c-
tra obtained at the two bright spots in Fig. 3(a2) exhil .te’
only slight shoulder features in the empty states, as s, .n
in Fig. S9. This suggests that relaxation of N-induced st .,
(which is the predominant cause of the formation of ==~ \
impurity states) due to the existence of the surface (surface

NoO U D wN — NoUuhswN —

NOUubhwN —

P

e.o.o . relaxation) plays a key role in reducing the spectral features

in the empty states. Since the third plane impurity shiw 2
a distinct peak feature in the spectrum, the influence o1 uie
surface relaxation is considered to be limited within the nrst
Fig. 3 (al-a8) Corrected currentimages of N impurities located in and second planes. In fact, this is consistent with the fac ¢ nc t
the first to eighth planes. The bias voltages were (al-a4) 1.8 V and surface relaxation and resultant change of the bonding conng-
(a5-a8) 1.4 V. Maximum and minimum values of current scale are uration occurred only in the first and second layers in the cas 2
different in each image. The extent of broadening of the impurity  of GaAs(llO?“'?’z.

states increases as the atomic layer of the impurities increases.

(b1-b8) and (c1-c8) show the schematics of the N impurity states

reaching the surface from side and top views of GaAs(110), 3 Conclusion

respectively.

NOuU b WN —

sSels

We performed STWYBTS measurements on dilute GaNAs ...
faces. We showed that broadening of the N impurity ¢ * 5

6| Journal Name, 2010, [vol]l1-8 This journal is © The Royal Society of Chemistry [year]
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can be directly visualized by taking a current image at empty To directly visualize the N impurity states close to the CB
states. The N impurity states was not localized at the substiminimum, we applied the multipass scanning meftiod to
tutional As site but broadened over several nanometers with eurrent imaging of STM. We used Nanonis SPM contrc: 5y o-
highly anisotropic bowtie-like distribution on the GaAs(110) tem and the Multipass configuration. In this method, the .11
surface. The anisotropic distribution can be explained by theip scans the same raster line more than twice. In the first
propagation of strain along the zigzag chains of Ga and Asopography (z channel) signals are recorded inacons'a = r-
atoms on thg110 planes. We succeeded in identifying the rent mode (conventional STM measurement). In the se~ond
atomic layer positions of N atoms up to the eighth plane frompass, the STM tip follows the recorded trace of the z siona's
the broadening and symmetry of the distribution of N impu-in the first pass while the feedback loop is opened. D 'rin
rity states. STS measurements suggested that the energy pgbe second pass, tunneling current at a specific bias voltage
sition of the N induced states possibly correlates with the sizés acquired as an imaging signal. A constafiset value ce n

of strain. Our experimental results provide strong insight intoalso be added to the recorded z signals (positive values corre-
a possible role in modifying the optoelectronic properties ofspond to the so-called lift mode). This method enables visu

N-doped IlI-V compounds. alization of electronic states located even at a low tunneinng
conductance regime, such as surface states within th¢ pand
4 Methods gap of semiconductors. To image the N impurity states, w.

recorded a topography in the first pass at a relatively < y=

Sample preparation We fabricated ten N-doped GaAs lay- negative voltage (in which tunneling conductance waé-

ers (from layers 1 to 10) with ierent doping densities on Ciently high atall positions of the surface), and acurren .uye
the n-type GaAs(001) substrate by a molecular beam epitax{@S obtained at positive .volltages. clos'e to the CB minime= .,
Each N doping was performed in the middle of a 100 nm in- he second pass. In prlnC|pIe, identical current images van
trinsic GaAs layer. Active N species were provided by a radio-2/S0 be obtained by using so-called currentimaging tunneling
frequency (rf) N plasma source (ARIOS IRFS-504). The high-SPECtroscopy (CITS3® However, in practice, the multipe 5o

purity N, gas was fed into the plasma source through a purifiéthod has some advantages over CITS. For example, * -

cation filter at a flow rate of 0.06 sccm. The rf power was se@P/es us to scan a relatively large area (even more than ™. 1 m
at 400 W during the growth supply. The intensity off&ix < 20 NM) with a sdficient number of data points (more ti-= -
was 2x 1075 Torr beam equivalent pressure. N concentrations® 12 512) within a reasonable acquisition time.
in each layer were measured by secondary-ion mass spectrom-
etry. The sheet densities were gradually increased fronx4.9
10 to 1.5x 10 atomgen? froms layer 1 to 10. The STM 5 Acknowledgments
measurements were performed on the layers with doping de
sities of 1.3 - 2.7 103 atomgcn? (layer 3-5). The volume
percentage of N impurities estimated from the STM image
was in the range from 0.1 to 1.0 %. The growth conditions in
each layer are described in detail in the supplementary info
mation.

STM measurements

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