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Nonresonant hydrogen dopants in In(AsN): A route to high electron concentrations and mobilities
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We provide evidence for the unique effect of hydrogen on the transport properties of the mid-infrared alloy
In(AsN). High electron concentrations and mobilities are simultaneously achieved in hydrogenated In(AsN), and
Shubnikov-de Haas oscillations are observed up to near room temperature. These results can be accounted for by
the formation of N-H donor complexes with energy levels well above the Fermi energy, far from resonance with
the conduction electrons, thus resulting in weak electron scattering even at high donor concentrations. Similar
effects should be found in other narrow band gap dilute nitride alloys.
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I. INTRODUCTION

Semiconductor doping, during or after growth, underpins
modern devices and technologies because it permits accurate
control of the free-carrier concentration.! On the other hand,
the ensuing impurity scattering degrades the carrier mobility
and limits the performance of devices based on highly doped
semiconductors. This drawback can be partially overcome by
modulation doping, i.e., by doping semiconductor regions
that are spatially separated from the conducting channel,’
thus resulting in a significant reduction of carrier scattering
by charged impurities, even at low temperatures. Whenever
modulation doping cannot be implemented, alternative routes
should be considered. This is not a trivial task for material
systems with unconventional electronic properties, such as
dilute nitride ITI-N-V alloys.? In III-N-Vs, the behavior of both
n-and p-type impurities is influenced by the highly electroneg-
ative nitrogen atoms and can be significantly different from
that reported for I1I-V compounds.*~ In particular, nitrogen-
related complexes can introduce localized states above the
conduction band minimum (CBM) of the host III-V crystal.
Since the nitrogen central-cell potential is large (~7 eV), the
electron scattering rate is resonantly enhanced at the energy
of these states.®’ This phenomenon differs from long-range
Coulomb scattering by ionized impurities, which gives a
monotonic decrease of the scattering rate with increasing
electron energy'? and dominates over inelastic collisions by
phonons even at room temperature.9

In this paper, we demonstrate that the electron density in
the dilute nitride alloy In(AsN) can increase upon hydrogen
incorporation by two orders of magnitude without an increase
of the electron scattering rate. High electron concentrations
(up to 10" cm™3) and mobilities (>10° cm? V~!s™!) are
simultaneously achieved in In(AsN), and Shubnikov-de Haas
(SdH) oscillations are observed up to near room temperature.
The conductivity enhancement is attributed to the formation
of N-H complexes with donor states well above the electron
Fermi energy, far from resonance with the conduction elec-
trons. Thus, the central-cell potential of the complexes has no
pronounced effects on the conduction, resulting in an effective
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modulation doping in energy-space in which electrons and
donors are separated in energy rather than in real space.
This study has broad implications for research and future
applications in fast electronics and mid-infrared photonics of
compounds, such as In(AsN), In(AsSbN), In(SbN), etc., to
which this doping concept could be effectively extended.

II. SAMPLES AND EXPERIMENT

The In(AsN) epilayers (thickness ¢+ = 0.8-1.5 um and
nitrogen content [N] = 0.0, 0.2, 0.4, and 1%) were grown
by molecular beam epitaxy on semi-insulating (100)-oriented
GaAs substrates. Despite the presence of misfit and threading
dislocations in all these layers, our optical studies indicate that
In(AsN) grown onto GaAs exhibits little or no degradation
of the photoluminescence properties compared with epitaxial
layers grown on InAs, and that in both structures (i.e., In(AsN)
on GaAs and InAs) the incorporation of nitrogen leads to
comparable red shifts of the fundamental band gap.'' Also, in
stark contrast to other dilute nitride alloys, such as Ga(AsN),
the electrical conductivity retains the characteristic features
of transport through extended states with electron mobilities
that remain relatively large even for [N] = 1% (u, = 6 X
10° cm? V! s~! at 300 K).!2

All wafers were processed into Hall bars of length L =
1250 um and width W = 250 pum. Metal contacts consisting of
10 nm of Ti followed by 200 nm of Au were deposited onto the
samples to provide ohmic contacts. Hydrogen was implanted
in the epilayers at a temperature 7 = 250 °C using a Kaufman
source with an ion-beam energy of 100 eV for 1 and 6 hours
and impinging H-doses dy = 4 x 10'7 jons/cm? (dose H)
and dy = 10'° ions/cm? (dose 25H). For the magnetotransport
studies, the magnetic field was applied parallel to the growth
axis z, i.e., B = [0, 0, B;], or at an angle 6 relative to z (see
the top inset of Fig. 1). The transverse magnetoresistance ratio,
definedas ARy, /R,y = [Rix(B) — Ry,(0)]/R,(0), was mea-
sured in pulsed magnetic fields up to 50 T (total pulse length
of 100 ms) or in static fields up to 14 T. The experimental
set-up for micro-Raman measurements comprises an optical
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FIG. 1. (Color online) Low temperature (7' = 4.2 K) transverse
magnetoresistance, AR,,/R,,, versus magnetic field, B,, for an
In(AsN) Hall bar with [N] = 1% before (V) and after (H) hydro-
genation (dy = 4 x 107 ions/cm?). The top inset sketches a Hall
bar and the angle € between B and the z axis. The right inset shows
dR,./dB versus B~! for B tilted at different angles 6 (T = 2 K).

confocal microscope equipped with a nano-focusing system, a
spectrometer with a 1200 g/mm grating, and a charge-coupled
device. For the excitation, we used an He-Ne laser with A =
633 nm. The laser beam was focused to a diameter d ~ 1 um
using a 100 x objective.

III. RESULTS AND DISCUSSION

A. H-induced increase of the electron density in In(AsN)

Figure 1 shows the B, dependence of AR,,/R,, at T =
4.2 K for an In(AsN) Hall bar with [N] = 1% before and after
the hydrogenation with dose H (dy =4 x 10'7 ions/cm?). The
virgin sample (V') shows a positive linear magnetoresistance
at B, > 1 T. Following the hydrogenation, the strength of
linear magnetoresistance is reduced by a factor of 20, and
SdH oscillations emerge at B, > 5 T. As can be seen in the
right inset, the magneto-oscillations are observed for B tilted
at various angles from 6 = 0° to 90°. The positions in 1/B
of the maxima/minima in d R, /d B do not scale as 1/B cos6,
thus indicating that they are caused by the SdH effect in a
three-dimensional (3D) electron gas. Also, a Fourier analysis
of the SdH oscillations reveals a beating pattern at 6 = 0°,
which disappears at larger 6 (see Fig. 2). This is attributed to a
weak contribution from SdH oscillations in a two-dimensional
(2D) accumulation layer forming at the sample surface and
due to the pinning of the Fermi level by extrinsic (hydrogen)
and intrinsic donorlike surface states.'*!*

The oscillatory component of R,,, which quenches slowly
with increasing temperature, can be observed up to high
temperature (7 = 270 K) (see the top inset of Fig. 3), whereas
the strength of linear magnetoresistance and the value of
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FIG. 2. (Color online) Fast Fourier Transform (FFT) analysis of
the SdH oscillations in the resistance (R,,) for different angles 6 of
magnetic field B for an In(AsN) Hall bar with [N] = 1% and dy =
4 x 10" ions/cm? (T = 2 K). For # = 0°, two peaks are observed
at frequencies Bysp = (185 & 5) T and Byyp = (230 £ 5) T.
Bysp is independent of 6 (see vertical line), thus indicating that is
associated with the SdH effect in a 3D electron gas of density n, =
(2eB3p/h)¥?/(3n%) = 1.4 x 10" cm™3. The peak at Bp is clearly
observed only for § = 0° and originates from the SdH effect in a 2D
surface accumulation layer with electron density n, = 2eBp/h =
1.1 x 103 cm™2. For a 2D surface accumulation, this peak should
shift at lower frequency for increasing 6 according to By;p ~ cos(6)
(see blue line and symbols).

R., change only weakly (see Fig. 3). The period B;l =
A(1/B.) = (0.0054 + 0.0002) 7~' in the maxima/minima
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FIG. 3. (Color online) Temperature dependence of the resistance
R, versus magnetic field (B;) for a hydrogenated In(AsN) Hall
bar with [N] = 1% (dg = 4 x 10" ions/cm?). To reveal the
oscillatory peaks in R,,, in the top inset we plot the dependence
of R,,-aB, on B,~! (where « is a constant) at different temperatures.
The dependence of R, - B, on B, ! is also shown on the bottom inset
at fixed temperature (7' = 4.2 K) for hydrogenated In(AsN) Hall bars
with [N] = 0%, 0.2%, and 1% and d; = 4 x 10'7 ions/cm?.
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FIG. 4. (a) and (b) Dependence of the electron density (n,) and
mobility (u.) on [N] before (V) and after (H) hydrogenation (dy =
4 x 10" ions/cm?) at T = 4.2 K. The values of n, are derived
from the analysis of the Shubnikov-de Haas oscillations (asterisks)
and the Hall resistance (dots and circles). Dotted lines are guides to
the eye. The continuous line in (a) shows the density of N atoms.
(c) Dependence of the electron scattering time (z,) on [N] as derived
from 7, = u.m} /e before (V) and after (H) hydrogenation (dy =4 x
10" ions/cm?) at T = 4.2 K. (d) Calculated dependence of 7, on the
electron density n, according to the Brooks-Herring model.

of Ry, at® = 0° and T = 4.2 K gives a 3D electron density
ne = (Qe/hAY? /(3m%) = (1.4 £0.1) x 10" cm™3. B;" and
n. depend only weakly on temperature in the range 4.2-270 K.
Also, n, does not increase further after a second hydrogenation
with a 25 times larger dose (dy = 10" ions/cm?), and
its values are close to those derived from the analysis of
the Hall resistance, R,y, i.e., n, = B,/(eRy,d) = 0.5 x 10"
cm 3 (dose H) and n, = 1.2 x 10 cm™3 (dose 25H) at T =
4.2-290 K, where the effective thickness of the conducting
channel, d, has been assumed equal to the nominal thickness
of the In(AsN) epilayer (t = 1.3 um). Thus, the discrepancy
between the values of n, derived from the period of the
SdH oscillations and the Hall-resistance R,, indicates that
d < t and that, under appropriate hydrogenation conditions, a
uniform electron density across the epilayer is achieved.

The electron Hall density in the hydrogenated In(AsN)
sample with [N] = 1% (n, ~ 10" c¢cm™3) is almost two
orders of magnitude higher than in the virgin epilayer (n, =
1.3 x 10'7 cm™3). As shown in Fig. 4(a), In(AsN) samples
with [N] = 0.2% and 0.4% show a similar large increase
of n.. In contrast, in the InAs Hall bar, the electron density
changes only from n, =5 x 10" cm™3 to 7 x 10'® cm™3
and 16 x 10'® cm™3 upon the H- and 25H-hydrogenations,
respectively; SAH oscillations are not observed in this case
(see the bottom inset of Fig. 3). This hydrogen-induced
increase of the electron density in the In(AsN) epilayers with
N > 0% is confirmed by the observation of coupled longi-
tudinal optical (LO) phonon-plasmon modes in the micro-
Raman scattering spectra. Figure 5(a) shows the normalized
micro-Raman spectra of In(AsN) epilayers before (dotted
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FIG. 5. (Color online) (a) Normalized micro-Raman spectra
of In(AsN) epilayers before (dotted lines) and after (solid lines)
hydrogen incorporation. The spectra were acquired at 7 = 300 K with
a laser of power density P ~ 10° W/cm?, wavelength A = 633 nm,
and spot diameter d ~ 1 um. The H dose (H: 4 x 10" ions/cm?
and 25H: 10" ions/cm?) is indicated in the figure for each epilayer.
(b) Calculated dependence of the frequencies w. of the coupled LO
phonon-plasmon modes, L, and L_, on the electron density n, for
[N] = 0% (dashed line) and [N] = 1% (continuous line). The
horizontal lines represent the values of the measured frequencies of
the TO and LO modes in InAs. Symbols correspond to the measured
values of w, in hydrogenated In(AsN).

lines) and after (solid lines) hydrogen incorporation. The
Raman peaks associated with the transverse optical (TO), LO
phonons, and their Raman second order, dominate the spectra
at low frequency (<500 cm~!). Weaker peaks associated with
acoustic modes are also visible in the 260-300 cm™! frequency
range."> Following the hydrogenation, a broad peak, LT,
emerges at high frequencies in the N-containing epilayers.
The L* line is attributed to a coupled LO phonon-plasmon
mode. The dependence of the L™ frequency on the electron
density will be discussed later.

For the hydrogenated InAs Hall bar, the small increase of
n, suggests a donor behavior of hydrogen, which is similar
to that reported in the literature for n-type InAs'® and other
compounds with a low CBM relative to the vacuum (e.g., ZnO
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and InN).!”'8 The much larger increase of 7, in hydrogenated
In(AsN) should be accounted for instead by a greater tendency
of hydrogen to create donors by forming bonds with the
strongly electronegative N atoms. The existence of a H-N
donor has been predicted for Ga(AsN)® but never reported
experimentally. In Ga(AsN), the lowest energy configuration
for single H corresponds to a bond-center site next to nitrogen,
H(BCy).> This phenomenology should hold in In(AsN), too,
but with an important difference in the energy position of
the H(BCy) donor level, Ey N, which is caused by the larger
electron affinity of InAs (x = 4.9 eV) compared to GaAs
(x = 4.1 eV). For [N] = 1%, we estimate that Ey_N should
be at least ~0.8 eV above the CBM of In(AsN),'*-?! much
higher than in Ga(AsN), where it is expected to be nearer to the
CBM.’ Thus resonant scattering of electrons by the central-cell
potential of H(BCy) should not be significant in In(AsN). In
fact, the electron mobility does not decrease significantly after
the hydrogenation (. > 10> cm? V~! s=! at 4.2 K), as shown
in Fig. 4(b) for different [N] concentrations. Also, as dis-
cussed below, the hydrogen-induced small decrease of u, for
[N] = 1% is caused by the larger effective mass at the Fermi
energy that electrons have for high n, values (~10' cm™3)
in the nonparabolic conduction band of In(AsN) rather than
to electron scattering by the ionized donors. Finally, we note
that hydrogen configurations other than the H(BCy) donors
could become energetically more favorable at high electron
densities,’ thus explaining the measured saturation of 7z, to
about 10% of the total N concentration for increasing H doses,
see Fig. 4(a).

B. Electron mass, mobility, and scattering time

We examine now the effects of hydrogen on the scattering
time. We compare the measured values of the electron mass and
density, as derived from the analysis of the SdH oscillations
and their temperature dependence,’”> with those calculated
using a simple model. The electron energy dispersion of
InAs is modeled as e(k)[1 + ae(k)] = h*k> 2m},'% where
a=2eVl m{ = 0.025 m, is the electron effective mass at
k = 0, and m, is the electron mass in vacuum. In In(AsN),
the energy dispersion is modified by the interaction of the
N level with the CB states, described here by a two-level
band-anticrossing model with an interaction parameter Vy =
2.0 eV and a N level at 1.44 eV above the valence band of
InAs.'820 As shown in Fig. 6(a), the calculated dependence
of the first derivative electron mass, m} = hzk/ [de/dk], on
n, = k3/3m? does not change significantly for [N] ranging
from 0% (dashed line) to 1% (continuous line). Also, it
matches well the measured values of m) versus n, (full
symbols). Since SdH oscillations are not resolved before
hydrogenation, in Fig. 6(a) we plot also the values of the
electron cyclotron resonance (CR) mass (empty symbols)
reported previously?* for as-grown In(AsN) with excitation
photon wavelengths A = 103.0 xm and 66.0 gm.?

The measured frequency w, of the LO phonon-plasmon
coupled L, mode is also well described by this model.
In a polar semiconductor, the coupling between the LO
modes and the collective excitations of the free-carrier
plasma gas (plasmons) results in two coupled phonon-
plasmon modes L. of frequency . given by 203 = w) +
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FIG. 6. (Color online) (a) Calculated (lines) and measured (sym-
bols) dependences of the first derivative electron mass (m}) on
the electron density (7,.). Dashed and continuous lines correspond
to InAs and In(AsN) ([N] = 1%), respectively. Empty symbols
correspond to values of m? derived from cyclotron resonance studies
of virgin samples (see Ref. 25). Full symbols correspond to values
of m derived from the 7 dependence of the Shubnikov-de Haas
oscillations. (b) Conduction band minimum ( E¢ ), Fermi energy (E ),
and energy level (Ey.N) of the H-N donor complex. Er — Ec =
0.29 eV and 0.02 eV for [N] = 1% and 0%, respectively.

2 2 2 V2 2.2 26
Wiy = \/ (a)p + i) 4a)prO. Here wip and wro are

the frequencies of the LO and TO modes, and w), is the
plasma frequency. The latter depends on the electron density

(n.) and electron effective mass (m}) according to wf, =

(n.€?)/ (kok,m?}). To calculate w. , we use the measured Raman
shifts of the TO (214.3 cm™!) and LO (236.7 cm™!) modes,
the dielectric constant x, = 12, and the calculated dependence
of m} on n, for InAs and In(AsN) with [N] = 1%. As shown in
Fig. 5(b), the calculated dependences of w. on n, are similar
in InAs (dashed line) and In(AsN) (continuous line), and
describe well the frequency of the L, mode as measured in the
hydrogenated In(AsN) epilayers. The Raman data and analysis
provide an independent confirmation that hydrogen increases
significantly the electron concentration in the In(AsN) alloy.
In the In(AsN) sample with [N] = 1%, m} increases
upon hydrogenation by a factor of 2.5 for an increase of
n, by a factor ~100 from 1.3 x 107 cm™ to 14 x
10" cm™3 [see Fig. 6(a)]. This increase accounts for the
corresponding 2.4 reduction in the electron mobility, u., from
4x100ecm?V'is 017 x 100cm?V-lslatT =42K,
thus indicating that the electron scattering time 7, = u.m; /e
does not change sizably upon the hydrogen-induced increase
of n,. Figure 4(c) shows the values of 7, as obtained from
this analysis for all samples. Note that for [N] > 0%, the
electron scattering time increases slightly after hydrogenation,
even in the sample with [N] = 1%, in spite of an increase
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by two orders of magnitude in the electron (and donor)
concentration. For this In(AsN) epilayer, the Fermi energy
[EF = heBmZ"l(NLL +1/2)] is 0.29 eV above the CBM,
much lower than the energy level of HBCy) (>0.8 eV above
CBM, as estimated from Ref. 5), see Fig. 6(b).?’

Since the energy of the HBCy) donor is far from resonance
with the conduction electrons, the central-cell potential of the
complex does not cause a significant scattering. To estimate
the contribution to the scattering time of long-ranged Coulomb
scattering by the positively charged dopants, we consider the
Brooks-Herring formula within a two-band model.'%?3?8 The
scattering time 7, at the Fermi energy is calculated using the
relation

t.(Er) = 16mk?e™*n; ' [2mi(1 + 20 Ep)™!
x [EF(1+aEp)*F ()", (1)

where n; = n, is the density of ionized impurities, « =
Kkrko is the dielectric constant (k, = 15), F (§) =In(1 + &) —

E(1+&)7", & =(2k/q,)% g, = /e kg (Ep) is the inverse
of the screening length at 7 = 0 K and

1 (2m:\?
8(Er) = 5— ( °> (1 +20Ep)VEr(1+aEr)  (2)
27-[2 h2

is the density of states at the Fermi energy.”® We find that
7, decreases from 0.5 ps to 0.2 ps with n, increasing from
10'7 em™3 to 10" cm™3 [see Fig. 4(d)]. The calculated values
of 7, are comparable to those derived from 7, = u.m/e
for both the hydrogenated and virgin In(AsN) epilayers,
thus indicating that electron scattering is not limited by the
long-range Coulomb potential of the donors.

Finally, we examine an additional effect of the hydrogen
incorporation on the magnetotransport properties of these
In(AsN) epilayers. As illustrated in Figs. 1 and 3, a linear
magnetoresistance is observed in the In(AsN) virgin layer
and is reduced by a factor of 20 after the hydrogenation.
Linear magnetoresistance has been observed previously in
many material systems and can originate from distortions
in the current path induced by disorder.?*° Monte Carlo
simulations of the electron dynamics have revealed that linear
magnetoresistance can arise from multiple scattering of the
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current-carrying electrons by low-mobility islands within the
conducting layer.”” Since our InAs and In(AsN) epilayers
are grown on highly lattice-mismatched GaAs, threading
dislocations tend to form at the epilayer/substrate interface'’
and are likely to cause local macroscopic (> 0.1 yum) variations
in the electron mobility. In particular, the strength of the
linear magnetoresistance depends on the island-coverage
factor f according to a simple relation, i.e., AR,,/R =
0.5f (1 — )~ e B..>° From a linear fit to the measured data
by this expression, we find that f decreases in all hydrogenated
layers (from 30% to 10% for [N] = 1%). This suggests that
hydrogen could lead to both the passivation of crystal defects
in the vicinity of the low-mobility islands and a more uniform
mobility and conduction along the Hall bar.

IV. CONCLUSIONS

In summary, H incorporation in the dilute nitride In(AsN)
alloy induces a remarkable increase of n-type conductivity
as well as SdH oscillations up to near room temperature,
while it reduces the strength of linear magnetoresistance.
These findings are attributed to the formation of N-H donor
complexes with energy levels well above the Fermi energy,
far from resonance with the conduction electrons. Thus, high
electron concentrations and mobilities are simultaneously
achieved in In(AsN), unlike other dilute nitride alloys where
the conductivity is severely degraded by resonant scattering
by deep levels in the conduction band. This study will
stimulate theoretical studies of hydrogen levels in In(AsN)
and other mid-infrared ITI-N-V alloys, where hydrogen can be
an unintentional or intentional dopant, and also fuel research
on modulation doping in energy space to increase free carrier
density without degrading the carrier mobility.
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