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We have investigated the electrical properties of GaInNAs dilute nitride films grown by atomic
hydrogen-assisted molecular beam epitaxy. We found that although the hole mobilities in Be-doped
p-GaInNAs films exhibit a temperature dependence nearly identical to that for the homoepitaxial
p-GaAs films, the electron mobilities in Si-doped n-GaInNAs films are strongly affected by the
introduction of nitrogen into Ga�In�As. Further, the degree of scattering by the ionized impurity-like
centers generated by N atoms decreased with increasing Si doping, while neutral impurity-like
scattering became more dominant with increasing Si doping. These results suggest that the decrease
of electron mobility and carrier concentration in Si-doped n-GaInNAs films is strongly correlated
with the presence of N and Si atoms. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2770833�

I. INTRODUCTION

Recently, III-V-N dilute nitride semiconductors such as
GaInNAs with an energy band gap of �1 eV have become
of particular importance for future use in lattice-matched
GaInP/GaAs/GaInNAs/Ge 4-junction tandem solar cells,
which can achieve solar energy conversion efficiencies of
�40%.1,2 However, both the optical and electrical properties
of GaInNAs thin films, in general, become increasingly de-
graded with increasing nitrogen composition.1,3

The fundamental mechanism of degradation is still not
fully understood, although nitrogen-related deep-level de-
fects are known to be responsible for the reduction of minor-
ity carrier lifetime and hence the diffusion length in solar cell
structures.3,4 Even for low concentrations of N�2%, the in-
corporation of nitrogen, a large electronegative anion, results
in a strong perturbation of the conduction-band structure, and
the electrical properties are affected by the localized elec-
tronic states associated with single N impurities as well as N
aggregates such as N-N pairs and higher-order clusters.5–7 As
a result, photocurrents generated in GaInNAs subcells at
present are not sufficient for practical use in 4-junction tan-
dem solar cells.8

Several groups reported that alloy scattering, induced by
a random distribution of N atoms, is one of the main mecha-
nisms affecting the minority carrier diffusion length.9 Kurtz
et al. argued that the carrier transport in GaInNAs is limited
by large-scale inhomogeneities, similar to the behavior ob-
served in polycrystalline Si.10 Recently, it was also shown
that In and N atoms play a notable role in the electron mo-
bility in GaInNAs grown by molecular beam epitaxy �MBE�,
for which the N-related scattering centers were reduced and
carrier mobilities were recovered in the presence of In
atoms.11

In this work, we investigate the carrier mobility and car-
rier concentration characteristics as a function of tempera-

ture. The GaInNAs films were grown by atomic hydrogen-
assisted molecular beam epitaxy �H-MBE� with a
radiofrequency �rf� nitrogen plasma source.12,13 We found
that although the hole mobilities in Be-doped p-GaInNAs
films exhibit a temperature dependence that is nearly identi-
cal to that for the homoepitaxial p-GaAs films doped with
Be, the electron mobilities in Si-doped n-GaInNAs films are
strongly correlated with the presence of N and Si atoms.

II. EXPERIMENT

All samples were grown on semi-insulating GaAs �001�
substrates by atomic H-assisted rf-MBE.12,13 Si and Be, both
of which were standard MBE-grade solid sources, were used
as n-type and p-type dopants, respectively, and the carrier
concentration at 300 K was varied from 2�1016 to 1
�1018 cm−3. The GaInNAs layers of 1 �m thickness were
grown at a fixed growth temperature of 480 °C. The reactive
nitrogen flux was generated by using a rf plasma source, and
the N composition was fixed at �1.0%, which was con-
firmed with high-resolution x-ray diffraction. No post-
growth anneal was performed. The Hall measurement was
then performed under a standard van der Pauw configuration,
and the temperature dependence was recorded over a range
between 90 and 500 K. The photoluminescence �PL� was
also measured by using a 532 nm second-harmonic line of an
Nd:VO4 diode-pumped laser, a 250 mm monochromator,
and a liquid-nitrogen cooled InGaAs photodetector.

III. RESULTS AND DISCUSSION

Figure 1 shows the room-temperature carrier mobility
characteristics measured for as-grown Ga1−xInxN0.01As0.99

�x=0.03 and 0.06� and homoepitaxial GaAs films grown by
H-MBE technique with different Be and Si doping concen-
trations. The background doping concentration in an un-
doped GaInNAs sample grown by our H-MBE technique
was typically below the Hall measurement detection limit of
�1015 cm−3, so that n- and p-type doping have been accu-
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rately controlled in our growth system. Further, the second-
ary ion mass spectroscopy �SIMS� measurements performed
in separate experiments revealed that the residual oxygen
and carbon impurities in GaInNAs films were below the de-
tection limit of �1017 and 1016 cm−3, respectively. It can be
observed that the majority carrier mobilities in n- and
p-GaInNAs films were almost comparable, which were
100–300 cm2/Vs in n-GaInNAs and 100–200 cm2/V s in
p-GaInNAs films, respectively. Compared to GaAs samples,
the hole mobilities in p-GaInNAs were insensitive to the
introduction of nitrogen. However, the electron mobilities in
n-GaInNAs films were notably lower by a factor of �10.
These results suggest that the nitrogen in GaInNAs mainly
affects the electron mobilities and not the holes. Further,
changing the In composition showed a negligible effect on
the electron mobility in n-GaInNAs at least for a relatively
low composition range of �6%, as also can be seen from
Fig. 1.

Figure 2�a� shows the temperature dependence of elec-
tron mobilities measured for n-Ga1−xInxN0.01As0.99 �x=0.03
and 0.06� and n-GaAs films with different Si doping concen-
trations. The electron concentrations measured at 300 K are
also quoted in the figure. Although the carrier mobilities
measured for n-GaAs exhibited a well-established tempera-
ture dependence, the characteristics obtained for n-GaInNAs
were rather anomalous, reaching maximum values at around
350 K. In particular, the electron mobilities for n-GaInNAs
samples with carrier concentrations of 2�1016 and 2
�1017 cm−3 at 300 K, which we distinguish as lightly Si-
doped n-GaInNAs, rapidly decreased with decreasing tem-
perature. The values remained almost constant over a wide
temperature range in the heavily Si-doped �4�1017 and 1
�1018 cm−3� samples. However, the hole mobilities in
p-Ga0.97In0.03N0.01As0.99 films, as plotted in Fig. 2�b�, showed
a nearly identical temperature dependence to that for p-GaAs
films.

It has been an issue of intense discussion that the elec-
tron mobilities in n-GaInNAs films would become consider-
ably lower than in GaAs due to the conduction-band fluctua-
tions, and N-induced scattering centers and defect states

formed close to the conduction-band edge of
Ga�In�As.10,11,14,15 Therefore, in the lightly doped
n-GaInNAs films, the electron mobilities are expected to be
strongly affected by these scattering centers and defects, and
hence decrease rapidly with decreasing temperature. How-
ever, this effect would be weakened in the heavily doped
n-GaInNAs, in which the electron populations in the conduc-
tion band are one to two orders of magnitude higher, and
hence the potential fluctuations or Coulomb potentials would
be screened. As a result, the electron mobilities remain al-
most constant even at low temperatures. On the contrary, the
hole mobilities in p-GaInNAs films would be insensitive to
the presence of nitrogen.

Next, we analyzed the temperature dependence of carrier
mobilities by a standard parameter-fitting process. Here the

FIG. 1. Room-temperature carrier mobilities measured for Si-doped and
Be-doped GaAs and Ga1−xInxN0.01As0.99 �x=0.03 and 0.06� films grown by
H-MBE, plotted as a function of carrier concentration.

FIG. 2. Temperature dependence of �a� electron and �b� hole mobilities
measured for GaAs �open symbols� and GaInNAs �closed symbols� films
grown by H-MBE. The carrier concentrations at room-temperature are also
quoted. The dashed lines are just guides to the eye.
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fundamental scattering mechanisms15,16 with typical tem-
perature dependence were assumed: �T3/2 �ionized impurity
scattering�, �T−3/2 �polar optical phonon and deformation po-
tential scattering17�, and �T−1/2 �space-charge scattering18

and alloy scattering9�. If each scattering mechanism contrib-
utes simultaneously and independently, then the resultant
carrier mobility can be given by the Mattiessen’s rule,

� = ��
i

1

�i
�−1

, �1�

where �i is the mobility limited by the ith scattering mecha-
nism. Each �i can be written as

�i = CiT
�, �2�

where Ci is a constant of the ith scattering mechanism. Rea-
sonably accurate fitting for the lightly Si-doped n-GaInNAs
�n=2�1016 and 2�1017 cm−3 at 300 K� and Be-doped
p-GaInNAs samples was obtained by using the above three
scattering contributions, i.e., �T3/2, �T−3/2, and �T−1/2. The
electron mobility in n-GaInNAs Si-doped to 2�1017 cm−3

at 300 K followed a clear T3/2 dependence at low tempera-
tures, as shown in Fig. 3�a�, thereby indicating a relatively
large effect of ionized impurity scattering. However, in the
heavily Si-doped samples �n=4�1017 and 1�1018 cm−3 at
300 K�, accurate fitting curves were not obtained by summa-
tion over the above three contributions. A dashed line �1 in
Fig. 3�b� was the best possible fit for the sample with n=4
�1017 cm−3. It can be seen that one needs to consider addi-
tional scattering mechanisms, which result in a weak, if any,
temperature dependence of electron mobility. For this, we
were able to obtain better results, in both the lightly and
heavily Si-doped GaInNAs films, by adding an additional
component �T0. The final results are plotted as solid lines for
Fig. 3�a� as well as the curve �2 in Fig. 3�b�.

The temperature-independent scattering mechanism is
typically assigned as a neutral impurity scattering.19 It is
typically observed at relatively low temperatures �100 K,
when almost all the shallow donors and acceptors are ther-
mally frozen. In Ga�In�NAs material, it is reported that
single N atoms as well as N aggregates such as N-N pairs
and higher-order clusters exhibit neutral impurity-like behav-
ior whose magnitude increases with increasing Si doping.7 In
order to investigate the effect of neutral impurity-like mobil-
ity, �NI, we used Erginsoy’s result,19

�NI =
e

20aB	

me
�/m0


NNI
, �3�

where NNI is the neutral impurity concentration, and �B, 	,
and e are the Bohr radius in a hydrogen atom, Planck’s con-
stant, and the elementary charge, respectively. As for the di-
electric constant 
, we assumed that of GaAs, and me

� /m0

=0.093 for the effective mass of electrons in GaInNAs con-
taining 1% nitrogen.5 From Fig. 3, �NI=600 cm2/V s for
n=2�1017 cm−3 and 500 cm2/V s for n=4�1017 cm−3

were obtained, respectively, from which NNI was calculated
to be 2.0�1017 and 2.4�1017 cm−3, respectively. These val-
ues were very close to the Si-doping concentrations and not
necessarily the free-electron concentrations at 300 K, and

further to be noted was that NNI increased with Si doping.
The results suggest that the degradation of electron mobili-
ties and carrier concentrations in Si-doped n-GaInNAs films
is strongly correlated with the presence of N and Si atoms,
which may exist in the form of Si-N complexes.20–22 Other
nitrogen-related defects such as N-N �Refs. 5–7� and
N-H-VGa �Ref. 23� complexes may also be present, but the
details are not known at present.

The free-electron concentrations for the n-type GaAs
and GaInNAs samples measured at different temperatures
over a range of 90–500 K are plotted in Fig. 4. In the heavily
Si-doped n-GaInNAs samples of n=4�1017 and 1
�1018 cm−3 at 300 K, the electron concentrations remained
almost constant below 300 K. However, in the lightly Si-
doped samples of n=2�1016 and 2�1017 cm−3, the elec-
tron concentrations dropped with decreasing temperature.
For example, in n-GaInNAs with n=2�1017 cm−3, the elec-
tron concentration decreased to 3�1016 cm−3 at �90 K.

FIG. 3. Results of parameter fitting on the dependence of electron mobilities
on temperature for n-GaInNAs films with �a� n=2�1017 cm−3 and �b� n
=4�1017 cm−3, respectively. The measured data are plotted as closed tri-
angles in �a� and circles in �b�, respectively. Refer to the text for the fitting
parameters.
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Since we can safely assume that all the shallow impurity
levels were fully ionized at 300 K, the difference of �1.7
�1017 cm−3 would give an approximate value of the net trap
density in this sample. Then the observed dependence of
free-carrier concentration for �100 K was due to thermal
activation of transition between these trap states of energy ET

and conduction-band edge EC. We determined more pre-
cisely the trap densities NT and activation energies given by
Ea=EC−ET by using the following:

n =
1
	2

�NTNC�1/2 exp�−
Ea

2kBT
� + ND, �4�

where the first term is a widely known expression for the
electron density in the n-type semiconductor and NC is the
effective density of states in the conduction band. The sec-
ond term ND is the ionized donor density, which can be as-
sumed constant since the electron concentration in the
n-GaAs sample was constant over the temperature range of
�100–400 K. Equation �4� is valid when ND�NA, the ac-
ceptor density, and for the temperature range studied in this
work. Fitted results for the n-GaInNAs samples with n=2
�1017 and 4�1017 cm−3 are shown in Fig. 5. We found that
the obtained value of NT=2�1017 cm−3 agreed well with
the NNI value determined by using Eq. �3�. Furthermore, the
temperature dependence of integrated PL intensity performed
in separate experiments showed emission from the localized
states at �70 meV below the conduction-band edge �Eg

=1.20−1.22 eV, at 300 K�. This was also consistent with the
obtained values of Ea=40−50 meV from Fig. 5. Further,
Kurtz et al.10 reported Ea=42 meV for Sn-doped
n-GaInNAs �n=2�1016 cm−3�, and also calculated that
deep donor states formed by Si-N nearest-neighbor bonds
exist at 230 meV below the GaAs conduction-band
minimum.20

In this work, it has become clear that not all the Si im-
purities are activated to generate free carriers in GaInNAs
material. This can be indirectly explained by the coexistence
of Si-N complexes, which are known to decrease both the
electron concentration and electron mobility.20–22 Further, we
have shown that these defects may be the origin of neutral
impurity scattering that affects mainly the electron mobility.
Carrier concentration and mobility in p-type GaInNAs doped
with Be were insensitive to nitrogen.

IV. CONCLUSION

In conclusion, the carrier mobilities and concentrations
in Si- and Be-doped GaInxN0.01As films grown by H-MBE
were investigated. We showed that the effect of ionized
impurity-like scattering decreased with increasing Si doping,
while the effect of neutral impurity-like scattering became
more dominant with increasing Si doping. This could be ex-
plained by the formation of Si-N complexes that act as neu-
tral impurity scattering centers, thereby affecting the electron
mobility and concentration. Other N-related defects such as
N-N and N-H-VGa complexes may also be responsible, and
further investigation is necessary to clarify their effects on
the electronic properties. Carrier concentration and mobility
in p-type GaInNAs doped with Be were insensitive to nitro-
gen.
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