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Giant and reversible enhancement of the electrical resistance of GaAs;_,N, by hydrogen irradiation
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The electrical properties of untreated and hydrogen-irradiated GaAs,_, N, are investigated by conductive-probe
atomic force microscopy (CP-AFM). After hydrogen irradiation, the resistance R of GaAs;_,N, increases by
more than three orders of magnitude while that of a N-free GaAs reference slightly decreases. Thermal annealing
at 550°C of H-irradiated GaAs,;_,N, restores the pristine electrical properties of the as-grown sample thus
demonstrating that this phenomenon is fully reversible. These effects are attributed to the nitrogen-hydrogen
complexes that passivate N in GaAs;_, N, (thus restoring the energy gap of N-free GaAs) and, moreover, reduce
the carrier scattering time by more than one order of magnitude. This opens up a route to the fabrication of planar
conductive/resistive/conductive heterostructures with submicrometer spatial resolution, which is also reported

here.
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I. INTRODUCTION

It has been well documented that hydrogen modifies the
electronic, optical, and structural properties of dilute nitrides,'
e.g., GaAs;_,N,, In,Ga;_,As;_N,, and GaP,_;N,. In fact
the incorporation of atomic hydrogen in GaAs;_.N, and
related materials neutralizes N effects? in the host lattice
via the formation of peculiar N-nH complexes, as shown by
infra-red® and x-ray* absorption measurements. Specifically,
two hydrogen atoms bind not equivalently to a same N
atom and form a N-2H complex with Cy, symmetry.® In
turn this brings band-gap energy,’ electron-effective mass and
g-factor,®” refractive index,® and lattice constant* back to the
values of the N-free host (GaAs), while a third H atom causes
an overshooting of the lattice constant with respect to that of
GaAs.*

The patterning of the spatial distribution of these complexes
by a masked hydrogenation method” and the extremely steep
forefront of H diffusion profile'’ has made it possible to modify
in the growth plane the band-gap energy” and strain’ with high
spatial precision. Very recently, site-controlled GaAs;_,N;,
quantum dots have been fabricated by this approach.!! Despite
the dramatic changes induced by H on the physical properties
of dilute nitrides, the opportunity to modify the electric and
transport characteristics of these materials has thus far never
been explored.

In this work we map the local electrical resistance (R)
of hydrogenated GaAs;_,N, by conductive-probe atomic
force microscopy (CP-AFM). Following H incorporation,
R increases by more than three orders of magnitude in
GaAs;_.N, samples with different N concentration, while
it slightly decreases in N-free GaAs. Thermal annealing of
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GaAs;_,N,:H restores the pristine electrical properties of
the as-grown sample thus showing that this phenomenon
is fully reversible. These H-induced variations of R follow
those observed in the optical/electronic properties (e.g., band-
gap energy). The decrease in intrinsic carrier concentration
produced by the re-establishment of the N-free GaAs band-gap
energy upon hydrogenation accounts only for a part of the
observed increase in the local electrical resistance, which calls
for a reduction of the carrier scattering time by one order of
magnitude. Finally, we demonstrate that an in-plane patterning
of the electrical resistance of a GaAs;_,N, chip is achievable
down to a submicrometer scale.

II. EXPERIMENTAL

Different GaAs;_,N, samples were grown at 500 °C by
molecular beam epitaxy on top of a 500-nm-thick GaAs
buffer deposited at 600 °C on a (001) semi-insulating GaAs
substrate. The GaAs;_, N, epilayers have thickness =200 nm
(x = 0.9%) and no GaAs cap layer, ¢ = 280 nm (x = 1.27%),
and t = 138 nm (x = 1.95%) with GaAs cap layer equal to
20 nm. A GaAs control sample with the same-layer thickness
and growth temperature sequence of the + = 200 nm sample
was also grown.

Samples were irradiated at 300 °C with different doses, dy,
of low-energy (100 eV) H™ ions. A series of 50-nm-thick Ti
wires, opaque to hydrogen, were deposited by electron-beam
lithography on the x = 0.9% sample (wire width w =5, 2, 1,
and 0.5 um, separated from each other by 20 um) in order to
impede H diffusion in defined regions of the sample.>° Before
characterization, the Ti wires were removed by HF. Annealing
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experiments were performed at 550°C under high vacuum
(8 x 1077 mbar) in order to dissociate N-nH complexes.’

Local resistance measurements were performed by CP-
AFM'? in patterned and unpatterned specimens, all hydro-
genated under similar conditions. The experimental set-up for
resistance measurements was based on a Digital Instruments
Nanoscope IIla Multimode atomic force microscope associ-
ated with a home-made extension “Resiscope”!? designed to
apply a stable DC bias voltage (£0.01-10 V) to the sample.
The resulting current through the tip was measured while the
sample surface was scanned in contact mode. Local resistance
values in the range 10°-10'> Q can be measured with a
few percent accuracy for a £1 V bias voltage. Conducting
probes made of silicon coated by boron-doped polycrystalline
diamond, with an intermediate spring constant of about 2 N/m,
were suitable for our experimental conditions, where measured
R values are much greater than the probe intrinsic resistance
(~10* Q). The scanned area is typically (1 x 1) um? and
made of 512 x 512 pixels. We point out that the overall
resistance in CP-AFM measurements is commonly controlled
by the contact resistance between the AFM probe tip and the
sample.'*

The electronic properties of the structures were determined
by micro-photoluminescence, u-PL, (using a 20x objective)
and macro-PL, both excited by a A = 532 nm laser, spectrally
analyzed by a 0.75-m-long monochromator and detected by
an InGaAs linear array detector.

All measurements were performed at room temperature.

III. RESULTS AND DISCUSSION

Figure 1(a) shows by larger symbols the local resis-
tance values measured for the GaAs;_,N, sample with
x = 0.9% after different treatments (smaller symbols refer to
a GaAs reference to be discussed later). Hydrogen irradiation
(dy = 3 x 10'"® cm™2) determines an increase of R by a factor
~400 with respect to the untreated sample.'> At the same
time, PL. measurements indicate a complete passivation of the
electronic activity of N, namely, a blue-shift of the GaAs;_,N,
band-gap energy (1.255 eV) to the GaAs value (1.422 eV); see
Fig. 1(b). Thermal annealing of the hydrogenated sample for 1
hour at 550 °C dissociates nitrogen-hydrogen complexes*> and
brings back the band-gap energy of the untreated GaAs;_, N,
sample; see the topmost spectrum in Fig. 1(b). In the same
sample R reduces by a factor 1900, primarily because of a
removal of H atoms out of the lattice, and reaches a value
smaller by a factor of approximately 5 with respect to that
measured in the untreated (starting) material. This additional
decrease is ascribable to an improvement of the crystal quality
caused by the high-temperature treatment. In fact a similar R
decrease has been observed in an untreated, H-free GaAs;_ N,
sample subjected to a same 1 hour annealing at 550 °C.

In order to ascertain the role of N and H-related complexes
on the electrical behavior of GaAs;_,N,, we studied a GaAs
reference sample. Figure 1(a) shows by smaller symbols
the values of the local resistance of the reference sample
before and after hydrogen irradiation with the same dose
dg = 3 x 10" cm™?) employed for GaAs;_,N,. At
variance with the N-containing sample, H irradiation in GaAs
causes a decrease of R by a factor 3, likely determined by
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FIG. 1. (Color online) (a) Large full symbols: Values of the
local resistance R in a GaAs;_,N, sample (thickness 200 nm,
x = 0.9% and no GaAs cap layer) subjected to different treatments
as indicated in the horizontal axis. The hydrogen dose employed is
dy =3 x 10'® cm~2. Annealing was performed on the hydrogenated
sample at temperature equal to 550 °C for 1 hour. Uncertainties equal
symbol size. Small open symbols: Values of R recorded on a GaAs
reference sample (thickness 200 nm and grown under the same
conditions of the GaAs;_,N, sample) untreated and hydrogenated
(dg = 3 x 10" cm™2). The local resistance value of the GaAs
substrate used for the samples considered in this work is also shown.
(b) Room temperature PL spectra of the same samples displayed as
large symbols in part (a). The peak at 1.255 eV is due to carrier
recombination from the band gap of untreated GaAs;_,N, and
post-annealing hydrogenatated GaAs;_,N,. The peak at 1.422 eV
is due to carrier recombination from the GaAs or fully N-passivated
GaAs;_,N,.

defect passivation.!® Moreover, R values in GaAs;_,N, are
sizably smaller (a factor 30) than those of the N-free control
sample. This may be attributed to a larger intrinsic carrier
concentration of GaAs;_, N, due to its lower band-gap energy
and/or to nonoptimal conditions employed to grow the GaAs
reference.'® We will not dwell further on this finding, but we
emphasize that R in the N-free control sample does not show
major variations upon hydrogenation. We also point out that
R in as-grown GaAs;_,N, (~5 x 107 ) is smaller than in
the GaAs substrate (~5 x 10° ) on which the GaAs;_,N,
layers have been deposited. This shows that the GaAs layer
structure beneath GaAs;_, N, does not affect sizably CP-AFM
measurements in the N-containing layers.'*

The dependence of R on H dose is shown in Fig. 2 for three
samples with different N concentrations. Data derived by PL
and/or secondary ion mass spectrometry indicate that N is fully
passivated in all samples, except in the sample with x = 1.27%
and dy = 2 x 10'® cm~2. Therein, N is fully passivated for
dy =5 x 10" cm™2, and R increases by a factor of 700.
In the sample with the highest N concentration (x = 1.95%),
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FIG. 2. (Color online) Dependence of the local resistance R on
H irradiation dose, dy, for GaAs;_,N, samples having different
composition and thickness z.

R increases by a factor 4700 for the highest H dose. In this
sample, however, full N passivation is reached already for
dy = 1.2 x 10" cm™2, where R increases by a factor 320.
The further increase of R by a factor of ~15 observed ongoing
fromdy = 1.2 x 108 cm™2 to dy = 5 x 10'® cm™2 could
be due to H-induced defects forming in high N concentration
samples.!” Nevertheless, we deem their contribution of minor
importance for the other samples. In fact the hydrogenation
technique we use is characterized by a low energy (100 eV)
of the impinging ions that usually does not introduce damages
typical of high-energy implantations.

All these results demonstrate that the electrical resistance of
GaAs;_, N, can be sizably modulated by hydrogen irradiation
in a fully controllable and reversible manner. This finding
mimics the effects H has on the optical and structural properties
of dilute nitrides and assigns to the N-2H complexes a rather
unexpected role, that is, the capability to modify even the
transport properties of these alloys.

Now we address the possible mechanism through which
charge carrier motion is affected by these complexes. In CP-
AFM measurements, the contact resistance depends on the ra-
tio between the nanocontact size and the mean free path (MFP)
of electrons flowing through the contact interface.'®!7-2°
R. Holm derived an expression for R by assuming that contact
size and MFP are comparable,'® while Y. V. Sharvin derived
a similar expression for contact sizes larger than the MFP."”
A term of barrier resistance is also added to take into account
rectification effects at the contact surface.'*!%20 In the present
case the Holm’s expression has been used. Indeed, S. Fahy and
E. P. O’Reilly?' found that the MFP in dilute GaAs;_,N, is
in the 10-nm range, a value comparable or even smaller than
the contact size expected between the CP-AFM tip and the
sample surface. Thus, the contact resistance in our CP-AFM
measurements is given by

Psample

da M
where pgmple designates the sample resistivity, and a is the
electrical contact radius of the AFM probe. This formula also
assumes that the resistivity of the AFM probe is negligible
compared to the sample resistivity, that is the case here. In
an intrinsic semiconductor p = [en; (e + un)]~"', where e is

RHolm =
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the modulus of the electron charge, n; is the intrinsic carrier
concentration, and ., = (et.;)/m.; is the mobility of
electrons (e) and holes (%). m, , and t, ;, are the carrier effective
mass and mean scattering time, respectively. Since in III-V
semiconductors the mobility of holes is usually much smaller
than that of electrons, the resistivity can be written neglecting
the hole contribution. If we make n; explicit,22 we find

Eg

e T
o= 5 , 2
e2t, (2mwkgT\2 3
- 2 " (memy)*

where E, is the crystal band-gap energy at temperature 7.
Since the root mean square roughness of the samples is in
the nanometer range (<1 nm) and the tip geometry of the
conductive-probe microscope is always the same, we can
assume that the electrical contact radius defined in Eq. (1)
is comparable for all measurements. Therefore, the ratio of
the resistance measured after (Ry) and before (Ry) hydrogen
incorporation is given by}

1
Eog—Eon 1
Ry _ e (meH> TeN 3)
9
Ry men ) Ten

where the subscripts “H” and “N” refer to H-containing
and H-free GaAs;_,N, samples, respectively. The band-gap
energy”’ and the electron-effective mass®’->*2 are assumed to
be known before and after H incorporation. If we set 7,y = .
in Eq. (3), the H-induced variations of the energy gap and
electron-effective mass lead to a large underestimation (a
factor 10, at least) of the observed changes of R. Table I
reports the room temperature band-gap energy, Ry /Ry and
B = t.n/T.n, for each sample. In determining 8, we set the
electron mass equal to 0.067 mg (m, is the electron mass in
vacuum) in the fully N-passivated samples, as experimentally
found.” For nonhydrogenated samples we rely on magneto-
PL measurements performed on samples with similar N
concentration,’” resulting in an electron effective mass equal
t0 0.12 my.”% All Ry /Ry and B = 1.y /7.y values have been
calculated for the highest H dose employed; see Fig. 2. 8 values
in Table I indicate that the carrier scattering time decreases by
at least one order of magnitude as a result of the formation of
nitrogen-hydrogen complexes, thus strongly suggesting that
the these complexes act as scattering centers. As discussed

TABLE I. Summary of the effects of H irradiation in GaAs;_, N,
samples having different composition and thickness t. E, is the band-
gap energy at room temperature of the as-grown samples (after H
irradiation the band-gap energy is equal to that of GaAs, 1.422 eV,
for all samples), Ry /Ry is the ratio of the local resistance values
measured after, Ry, and before, Ry, hydrogen incorporation. § =
7.~ /T.n quantifies the reduction of electron scattering time upon
hydrogenation (7,x and .y refer to the sample before and after H
incorporation, respectively).

sample E, (eV) Ry/Ry B = Ten/Ten
x=0.90%, t = 200 nm 1.250 470 18
x=1.27%, t =280 nm 1.200 690 10
x=1.95%,t= 138 nm 1.112 4700 12

085331-3



J. ALVAREZ et al.

0 20 40 60 80
Position (um)

FIG. 3. (Color online) (a) CP-AFM two-dimensional mapping
of the local resistance R of a GaAs;_,N, sample (x = 0.9% and
t =200 nm), whose surface was patterned before H irradiation by H-
opaque titanium wires having width equal to 5, 2, 1, and 0.5 um (from
left to right), each separated by 20 m. The white line superimposed
on the two-dimensional mapping of R provides the value of the local
electrical resistance (ordinate axis) along a line perpendicular to the
axis of the wires. (b) One-dimensional mapping of the u-PL intensity
across the wire region recorded at room temperature. The abscissa
axis indicates the laser spot position. The ordinate axis indicates
the energy of the emitted photons. The emission intensity is shown
in a false color scale (red and blue corresponds to maximum and
minimum intensity, respectively). Maximum intensity in the region
between wires is found at 1.422 eV, namely the GaAs band gap energy
(not shown here).

previously, some contribution to the R increase from different
centers may be possible for x ~ 2%.

Finally we present an interesting outcome of our findings,
that is, the possibility to pattern the electrical properties of
GaAs;_N; in its growth plane with submicrometer spatial
resolution. Figure 3(a) shows a CP-AFM two-dimensional
mapping of the local electrical resistance of a series of
GaAs_, N, wires separated by GaAs-like barriers. The wires
having different width w were formed by spatially selective
hydrogenation®® of the + = 200 nm and x = 0.9% sample,
as detailed in the Experimental section.?” Resistance imaging
shows that R is much lower in the H-free regions than between
the wires, where R ~ 6 x 10'9 Q. This is well evidenced
by the linear scan of R perpendicularly to the wire axis
and superimposed to the CP-AFM image in Fig. 3(a). The
ratio of the local resistance between the N-passivated barriers
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and the GaAs;_,N, wires varies from a factor 750 to 15 on
going from w = 5 um to w = 0.5 um. This dependence on
w is due to H lateral diffusion beneath the metallic wires
that tends to increase the effective local resistance of the
considered wire, this effect being more pronounced for smaller
w. Indeed, secondary ion-mass spectrometry performed on
the same sample shows a deuterium decay length equal to
12 nm/decade for hydrogenation temperature of 300 °C.'0
Combined with current spreading from the probe nanocontact,
this leads to an effective local resistance profile that reduces
by a factor 10 within 150 nm at most at the border between
hydrogenated and nonhydrogenated regions. This in-plane
electrical modulation mirrors the spatial variation of the
band-gap energy as determined by ©-PL measurements shown
in Fig. 3(b) for the same artificial structure displayed in
Fig. 3(a). The wire region emits at the band-gap energy of
the as-grown sample (about 1.25 eV), whereas the regions
aside the wire emit at higher energy (1.422 eV, namely the
GaAs band gap). The lower resistance regions of the planar
heterostructure clearly coincide with those having the smaller
band-gap energy.

IV. CONCLUSIONS

In conclusion we reported a peculiar effect concerning
the electrical properties of GaAs;_,N, following hydrogen
incorporation. A giant enhancement in the local resistance is
observed concomitantly with the neutralization of the elec-
tronic activity of nitrogen in GaAs;_,N,. This phenomenon
is ascribed to two processes. The first is a decrease in the
intrinsic carrier concentration due to the band gap increase
upon hydrogenation. The second is a tenfold, or more,
reduction of the carrier scattering time most likely due to the
nitrogen-hydrogen complexes responsible for N passivation.
Finally, GaAs;_,N, fully recovers its electrical properties
after the nitrogen-hydrogen complexes are removed by thermal
annealing. These effects can be exploited for the realization
of microscopic circuits, such as on-chip microscale coils, and
of electrical interconnects of more complicated nanostructures
fabricated by the masked-hydrogenation procedure outlined in
this work.
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