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We present measurements on two dimensionally patterned GaNxAs1−x dots fabricated in a GaAs
matrix using ion implantation followed by pulsed laser melting and rapid thermal annealing. The
lithographically patterned GaNxAs1−x regions are imaged by ballistic electron emission microscopy
�BEEM�. By analyzing the BEEM spectra of the locally confined dots, we observe the decrease in
the Schottky barrier height with nitrogen incorporation. The second derivatives of BEEM currents
from unpatterned GaNxAs1−x films exhibit a decrease in �-like thresholds as the nitrogen
concentration increases. The composition dependence of the thresholds agrees well with that of
previously studied low temperature molecular beam epitaxy grown alloys. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2982424�

Highly mismatched semiconductor alloys �HMAs� have
become important due to their dramatic changes in electronic
properties from the host materials and motivated many po-
tential technological applications.1 GaNxAs1−x is a HMA
known especially for its large bandgap reduction of as much
as 180 meV per x=0.01 up to a few percent.2,3 Although thin
films of this material have been well studied, for two dimen-
sionally �2D� patterned devices, the composition must be
controlled not only in the growth direction but also in the
lateral directions. The synthesis of quantum dots and quan-
tum wires has been largely based on spontaneous growth
processes using the lattice mismatch and wetting behavior
between substrates and the depositing materials.4,5 Ion im-
plantation �II� followed by a combination of pulsed laser
melting �PLM� and rapid thermal annealing �RTA� has re-
cently been shown to produce high quality thin films of
GaNxAs1−x.

6,7 The extremely fast ��100 ns� melting and so-
lidification rates in the PLM process result in highly super-
saturated substitutional solid solutions8 giving rise to a large
bandgap reduction comparable to that in alloys grown by
conventional thin film growth methods. Hence patterning the
II followed by unpatterned transient thermal processing
might permit the 2D patterning of the conduction band edge,
thereby enabling the development of a variety of 2D quan-
tum devices from HMAs.

Ballistic electron emission microscopy �BEEM� is a
three-terminal scanning tunneling microscope �STM� that
has been used to measure the electronic band structure of a
buried semiconductor heterostructure by collecting carriers
filtered by the Schottky barrier at the metal-semiconductor
interface.9 Using BEEM, self-assembled quantum dots em-
bedded in III-V semiconductors have been imaged and the
resonant behaviors observed with nanometer scale spatial
resolution.10,11 BEEM measurements on GaNxAs1−x thin
films grown by low temperature molecular beam epitaxy
�LT-MBE� have shown a decreasing Schottky barrier height
with increasing nitrogen concentration.12 In this letter, we
use BEEM and spectrometry to characterize 2D patterned
GaNxAs1−x nanostructures fabricated using patterned nitro-

gen implantation followed by PLM and RTA.
A 200 nm undoped GaAs layer was grown on a �001�-

oriented n+ GaAs substrate. For 2D patterning, a polymethyl
methacrylate �PMMA� mask created by electron-beam li-
thography was used. The 400 nm thick mask has an array of
holes of 75 nm diameter and 1.2 �m of period over a 600
�600 �m2 area. Nitrogen ions �N+� were implanted onto
the mask, which is designed to be thick enough to block all
the implanted ions except those traversing the holes. By us-
ing an ion energy of 20 keV with different doses from 0.9
�1015 to 4.6�1015/cm2, the selectively exposed GaAs re-
gions were implanted down to �100 nm depth with N
atomic concentration from 1.3�1020 to 6.8�1020 /cm3 at
the peak of the distribution. For comparison, some samples
were implanted without the mask under identical implanta-
tion conditions and will be referred to as planar-processed
samples.

After lifting off the PMMA mask with the help of oxy-
gen plasma ashing,13 the GaAs samples were pulsed laser
melted in air using a XeCl excimer laser ��=308 nm� with a
pulse duration of �30 ns full width at half maximum.
Through a multiprism beam homogenizer, the laser formed a
uniform rectangular shape spot with less than 4% rms inten-
sity variation. The melt durations ��melt� were determined by
measuring the time resolved reflectivity of the samples using
a low-power continuous-wave argon-ion �488 nm� probe la-
ser. The excimer laser fluence at the sample ranged between
0.27 and 0.33 J /cm2, corresponding to 55 and 99 ns of melt
duration from the planar-processed samples. Some of the
samples were treated by RTA after PLM at temperatures be-
tween 850 and 950 °C for 5 to 10 s in flowing N2, as re-
ported in a previous study.6

To make samples for BEEM, Cr/Au Ohmic contacts
were deposited to the bottom of the n+ GaAs substrates, and
for Schottky contacts, Au layers �8 nm thick� were deposited
on the samples by thermal evaporation at a typical back-
ground pressure of 3�10−7 torr. Prior to Au evaporation,
the pulsed laser melted GaAs surfaces were treated in a 1:10
solution of NH4OH:H2O for 60 s followed by �3 s rinse in
de-ionized water. The Au contacts were 0.9 mm in diameter
and made by photolithography.14 The BEEM measurements
were performed in air at room temperature with a surface/a�Electronic mail: kim57@fas.harvard.edu.
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interface AIVTB-4 BEEM/STM system using a Au tip.
Figure 1 shows the STM and BEEM image of a dot

made by patterned implantation followed by PLM and RTA.
In the STM image, the Au grains ��10 nm� and the
N+-implanted region are visible. The original implanted dot
diameter of 80 nm has been enlarged to about 120 nm, which
is likely due to the lateral diffusion of nitrogen during PLM.
The BEEM image was taken simultaneously while the tun-
neling current �IT� was set to 2 nA and the tip voltage �VT� is
fixed at −1.0 V, which is above the Schottky barrier height
for the Au/GaAs interface. A strong enhancement ��5 pA�
in the BEEM current is observed within the patterned region
implanted with 1.77�1015 /cm2 of N+ at 20 keV, correspond-
ing to x�0.005 estimated from the secondary ion mass spec-
trometry �SIMS� on the planar-processed samples.

To confirm the source of this higher BEEM current on
the dot region, BEEM spectra were taken on and off the dot.
Figure 2 shows the BEEM spectra averaged over 200 voltage
scans for each region in order to increase the signal to noise
ratio. The thresholds were inferred from a two valley Bell–
Kaiser �B–K� model least-squares fit using

Ic�V� = R�,LIT
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where V is the tip bias, IT is the tunneling current, D is the
Wentzel–Kramer–Brillouin tunneling probability, and F is

the Fermi function. The integration limits are determined by
transverse momentum conservation and set to Ez min=EF
−e�V−Vb�,bL� and Et max=mt / �m−mt��Ez−EF+e�V−Vb�,bL��.
EF is the Fermi energy in the Au tip and mt�m� is the trans-
verse effective mass in the semiconductor �metal�. R�,L and
Vb�,bL are the attenuating factors and the Schottky barriers
related to the � or L valley transition, respectively, and used
as adjustable parameters during fitting.14,15 The fitting results
exhibit a shift in the initial � threshold from 0.93 to 0.84 V
when the tip moves from the surrounding GaAs to the pat-
terned dot area, as indicated by the arrows. The small struc-
tures in the off-dot spectra below the main threshold of 0.93
V represent fluctuation in the signal to noise. Significant
BEEM current is measurable only above about 0.9 V for the
off-dot spectra, and we used the data as a starting point for
the B–K fitting. The kink at around 0.9 V of the on-dot
spectra might be real and related to the buried undoped GaAs
left between the nitrogen implanted depth ��100 nm� and
the n+ GaAs substrate. The nitrogen implanted sample, how-
ever, shows measurable BEEM current at lower threshold

FIG. 3. �Color online� �a� SD-BEEM spectra for different nitrogen concen-
trations. The dotted line on top represents the SD spectra of unprocessed
GaAs substrate without implantation. �b� Compositional dependence of
thresholds observed at the peaks of the SD-BEEM spectra of GaNxAs1−x.
The open symbols are the thresholds for LT-MBE grown GaNxAs1−x �Ref.
12� and the solid symbols are for the thresholds for II-PLM-RTA GaNxAs1−x

measured in this paper. The lines are linear fits of the concentration depen-
dency for MBE grown �dotted� and II-PLM �solid� samples.

FIG. 1. �Color online� STM and BEEM images of one of the implanted
GaNxAs1−x dots. Both images are measured simultaneously at VT=−1.0 V
and IT=2 nA. The Au grains and N+-implanted dot ��120 nm diameter in
the center� are visible in the STM image, and an enhancement in the BEEM
current is observed at the implanted region. The sample was implanted with
1.77�1015 /cm2 of N+ at 20 keV, followed by 0.31 J /cm2 of PLM and RTA
at 950 °C for 10 s.

FIG. 2. �Color online� BEEM Spectra on and off the synthesized dot, ex-
hibiting shift in thresholds on the dot at tip bias below the Schottky barrier
height of unimplanted surrounding GaAs. The arrows indicate fitted thresh-
olds for on dot �0.84 V� and off dot �0.93 V�.
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Schottky barrier, and the simple B–K fitting was intended to
simply get the lowest thresholds in this study. This threshold
reduction, which is at least four times the room temperature
thermal energy of electrons, opens the possibilities of pro-
ducing an arbitrarily patterned quantum confined structure
using II and PLM, and of imaging the structure with BEEM.

To investigate the nitrogen concentration dependence of
the threshold �Fig. 3�a��, we compare the second derivative
�SD� BEEM spectra of the planar-processed GaNxAs1−x im-
planted without a mask at 20 keV and four different doses,
followed by 0.30 J /cm2 of PLM and RTA at 950 °C for 5 s.
The nitrogen concentrations after PLM and RTA were deter-
mined by averaging over the maximum laser melting depths
the nitrogen concentration-depth profile as determined by
SIMS. The room temperature SD-BEEM spectra extracted
from the experimental BEEM spectra are approximately the
heterostructure transmission coefficients of the collector cur-
rent, so that features in the spectra can be used to identify
specific hot electron transport channels.16 The dotted line on
top represents the SD spectra of an unprocessed GaAs sub-
strate without implantation, laser melting, or RTA; the two
main peaks can be identified as the � and L peaks of GaAs as
in the previous study.12 It is apparently shown that the peaks
for the II-PLM samples located by arrows are shifted from
the corresponding peaks for the unprocessed GaAs. In Fig.
3�b�, we compare the energies of those peaks �thresholds� of
II-PLM samples with corresponding measurements for LT-
MBE grown GaNxA1−x �Ref. 12� as a function of the nitro-
gen concentration. The lines are linear fits for the concentra-
tion dependence of the thresholds in MBE grown �dotted�
and II-PLM �solid� samples. The �-like thresholds �Schottky
barriers for Au /GaNxAs1−x� decrease as the nitrogen concen-
tration increases for both fabrication routes. The linear fit to
the �-like peaks for the II-PLM samples gives a slope of
−19.1�6.3 eV, which is comparable to the corresponding
slope �−16.4 eV� for the LT-MBE grown samples. The de-
viation from the linear fit for �-like thresholds of II-PLM
samples may be due to the increased surface scattering for
the laser melted samples.

In conclusion, we have shown 2D patterned GaNxAs1−x
nanostructures fabricated using II-PLM and RTA and imaged
using BEEM. The analysis of the BEEM current on the lo-
cally confined GaNxAs1−x dots exhibits a strong decrease in
the Au /GaNxAs1−x Schottky barrier with nitrogen incorpora-
tion. The SD-BEEM spectra from unpatterned GaNxAs1−x
�x=0.0–0.016� show two main peaks, which can be attrib-

uted to contributions from �- and L-like bands. We found a
decrease in �-like thresholds as the nitrogen concentration
increases. The composition dependency of the first �-like
thresholds is comparable to the previously studied LT-MBE
grown alloys.
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