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ABSTRACT

Recent advances in ultrafast light polarization modulation and electrical control of polarization have increased the demand for polarization-
sensitive photodetectors to enable polarization-based optical communication systems. The conduction electron population of dilute nitride
GaNAs changes with excitation light polarization owing to the spin-dependent recombination of conduction electrons via the dynamic polar-
ization of defect electron spins. However, polarization-sensitive photodetectors that utilize this property are limited to photoconductive devi-
ces with a long response time. In this study, we developed a polarization-sensitive near-infrared photodiode based on GaNAs. The influence
of light power and bias voltage on the discrimination efficiency between circularly and linearly polarized light was investigated using coupled
rate equation analysis for polarization-dependent photocurrent characteristics. At —2.0 V, where the discrimination efficiency reached 1%,
the extraction time of the conduction electrons to the electrode was estimated to be 34 ps. This result suggests that the developed
polarization-sensitive photodiode can operate at 10 GHz. The discrimination efficiency increased with light power because of the activated
spin-selective capture of conduction electrons by spin-polarized defect states for circularly polarized light, whereas it decreased with increas-
ing reverse bias voltage. This low performance originates from suppressed spin-selective capture, which is due to the combination of electric-
field-induced spin relaxation and a decrease in the capture efficiency of conduction electrons. This study provides valuable insights into the
influence of the bias voltage on the polarization-dependent photocurrent, which is a key challenge to the realization of practical polarization-
sensitive photodiodes based on the spin-dependent recombination effect of conduction electrons.
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There has been growing interest in the development of optical
devices that modulate light polarization."” Polarization modulation has
advantages over conventional intensity modulation in terms of high-
frequency modulation and low-power consumption.” Ultrafast polariza-
tion modulation at frequencies exceeding 200GHz has been
demonstrated at room temperature.” This was accomplished by adding
spin-polarized carriers to vertical-cavity surface-emitting lasers, where
oscillations of the coupled spin-photon system can be induced. Recently,
by integrating ferromagnetic magnetization reversal driven by spin-orbit
torque into a spin-polarized light-emitting diode, the spin polarity of
electrons injected from the ferromagnetic electrode into the semicon-
ductor was electrically controlled, resulting in circular polarization mod-
ulation." Moreover, previous studies have demonstrated that the circular

polarization degree of luminescence can be flexibly tuned by controlling
the magnetization states. These recent advances in light polarization
modulation will enable multilevel modulation for polarization-based
optical communications. Photodetectors with the ability to identify light
polarization are essential for realizing polarization-based optical com-
munication systems."”

Recently, discrimination between circularly and linearly polarized
light has been achieved at room temperature without a magnetic field
using a photoconductor based on dilute nitride GaNAs.” This detec-
tion method leverages the spin-dependent recombination (SDR) of
conduction electrons,”* caused by spin-polarized defect states derived
from paramagnetic Ga>" interstitials.” First, unpaired non-polarized
electron spins exist in the defect states of GaNAs. Subsequently, the
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spin-polarized conduction electrons generated by circularly polarized
excitation are captured by the defect states. Here, the recombination
probability of the defect electron spins with holes is independent of the
spin direction; thus, the defect electron spins are dynamically polarized
in the same direction as the conduction electron spins. According
to the Pauli exclusion rule, defect states cannot capture conduction
electrons with the same spin direction, whereas they can capture
conduction electrons with the opposite direction. According to the
optical-transition selection rule,'” although the spin polarization of
the photogenerated conduction electrons is 0% for linearly polar-
ized light, it is 50% for circularly polarized light. Therefore, defect
electron spins are not polarized for linearly polarized light but are
polarized for circularly polarized light. Consequently, the conduc-
tion electron population depends on the excitation light polariza-
tion, which generates a photoconductivity difference. The
relationship between the conduction electron population and the
excitation light polarization is presented in the supplementary
material. Previous work developed a polarization-sensitive photo-
conductor;” however, photodiodes are preferable in terms of dark
current, noise, and response time. In photodiodes, the capture effi-
ciency of conduction electrons by defect states can vary with the
bias voltage-dependent band potential. The spin polarization of
defect electrons is dependent on the light intensity. In this study,
we developed a near-infrared photodiode based on GaNAs and
studied the influence of the light power and bias voltage on the
polarization-dependent photocurrent characteristics.

The sample structure of the GaNAs-based photodiode and the
measurement setup are shown in Fig. 1(a). The semiconductor
layers were grown on a p-GaAs (100) substrate using radio fre-
quency plasma-assisted molecular beam epitaxy (MBE). The
semiconductor structure comprises of p-GaAs:Zn (100) substrate

(a) Laser (b)
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(p=1x10"cm ?)/200-nm p-GaAs:Be (p=1 x 10'®cm>)/100-nm
p-AlysGag,AsBe  (p=1x10"%cm ?)/20-nm  p-GaAs:Be (p=1
% 10" em™)/200-nm i-GaNAs/20-nm n-GaNAs:Si (=2 x 10" em ™).
The nitrogen content of the GaNAs layers was set to approximately
2% by adjusting the radio frequency power and N, flow rate. The
n-GaNAs layer was grown at 400 °C because the low-temperature
growth tends to introduce Ga*" interstitials that behave as spin-
filtering defects.” The i-GaNAs layer, which behaves as the main
light-absorbing layer, was grown at 450 °C to obtain sufficient pho-
tocurrent via reducing the defect density. To prevent non-uniform
nitrogen distribution due to growth interruption and degradation of
crystal quality due to ion-induced damage during growth interrup-
tion,'" the substrate temperature was reduced before the i-GaNAs
layer growth was completed. This growth scheme allows the
i-GaNAs and n-GaNAs layers to grow without interruption. The
other semiconductor layers were grown at 560 °C. After the semi-
conductor layer growth, the surface was passivated with As and
transferred by air to another growth system consisting of MBE and
electron beam (EB) deposition. After thermal desorption of the As
capping layer, the MgO layer was grown at 300 °C by EB deposi-
tion."”"” The sample was then transferred to another EB system by
air to grow a Fe (10 nm)/Au (3 nm) electrode. Before the growth, the
sample was annealed in an oxygen atmosphere.'” Finally, the stan-
dard photolithography and etching techniques were used to fabricate
conventional photodiodes. Since no magnetic field was applied in
this study, the Fe layer was used as a normal metallic electrode rather
than a spin detection electrode in a spin photodiode. Although the
10-nm-thick Fe film is expected to exhibit an in-plane magnetiza-
tion, the influence of the magneto-optical effect on the polarization-
dependent photocurrent characteristics is small in this study, as
described in the supplementary material. The MgO tunneling layer
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is expected to increase the capture efficiency of conduction electrons
by defect states via the increase in the extraction time of the conduc-
tion electrons to the electrode.

All the photocurrent measurements were performed at room
temperature without a magnetic field. The light intensity and polariza-
tion of the pulsed laser were modulated using an optical chopper
(509Hz) and a photoelastic modulator (PEM, 51 kHz), respectively.
The incident light was periodically changed from linear to elliptical
and to circular polarization. The laser was then focused using an objec-
tive lens and incident on the sample. The polarization-independent
photocurrent (ipno) and polarization-dependent photocurrent (Ai)
were detected using lock-in amplifiers. To measure Ai, the 2f compo-
nent (twice the modulation frequency of the PEM) was detected. The
I-V characteristics of the photodiode are shown in Fig. 1(b). This
exhibits the typical diode characteristics of a p-i-n junction.'* The
generation-recombination current is the main transport process from
0.3 to 0.8 V, whereas the electron-diffusion current is dominant from
1.0 to 1.4V. The current at low bias voltages originates from the
recombination and generation of carriers through the intermediate
states formed by impurities in the depletion layer. No noticeable leak-
age currents are observed.

Figure 1(c) presents experimental and simulated 0-20 x-ray dif-
fraction (XRD) scans across the GaAs(004) reflection. The GaNAs
peak exhibited well-defined interference fringes, indicating abrupt epi-
taxial interfaces. Fitting analysis determined the nitrogen content in
the GaNAs layer to be 2.2%, suggesting a coherently strained layer
with a homogeneous nitrogen distribution. These results confirmed
the high epitaxial quality of the samples with sharp interfaces. A high-
resolution bright-field scanning transmission electron microscopy
(BF-STEM) image of the GaNAs layers is shown in Fig. 1(d). Since no
growth interruption was employed for the two GaNAs layers, no inter-
face damage was observed, indicating the formation of a high epitaxial
quality and sharp interface. These XRD and BF-STEM results suggest
that potential fluctuations caused by inhomogeneous nitrogen distri-
bution and the formation of unintentional defects, which can affect the

ARTICLE pubs.aip.org/aip/apl

photocurrent characteristics, are suppressed. The i1, as a function of
laser wavelength at —1.0 V with a laser power of 0.2 mW is shown in
Fig. 1(e). iphoto decreased sharply above 1100 nm. This is due to a sig-
nificant decrease in the bandgap with increasing nitrogen content.'”
The photosensitive wavelength could be tuned by varying the nitrogen
content of GaNAs. According to a previous study, ® the bandgap of
GaNy 2,A8g 975 is estimated to be 1.12eV (1107 nm). This result indi-
cated that an energy gap was achieved in the GaNAs layers, as
expected. In the experiments described below, the laser wavelength
was set to 1075nm, at which sufficient photocurrent could be
obtained. Here, no photocurrent peak corresponding to the bandgap
of GaNAs was observed. This can be due to the used pulsed laser with
a full width at half maximum of ~10nm. iy, increased slightly at
shorter wavelengths. This tendency may be related to the absorption
coefficient depending on the wavelength. The absorption coefficient of
GaNAs increases with the decrease in the wavelength.'” In general, as
the absorption coefficient increases, the photocurrent tends to
increase.

The temporal variations of the photocurrent at —0.5V with a
laser power of 3.0 mW and of normalized PEM reference signal are
presented in Figs. 2(a) and 2(b), respectively. A distinct photocurrent
difference was observed between circularly and linearly polarized light.
The intermediate photocurrent values appear for elliptically polarized
light. This result demonstrates that the discrimination between circu-
larly and linearly polarized light can be achieved at room temperature
without a magnetic field in a GaNAs-based photodiode. Here, the fig-
ure of merit of the light polarization discrimination is defined as

F = (i% — i) /(i + i) = Ai/2iphoro, 1)

where i’ and i are the photocurrents for circularly and linearly
polarized light, respectively. The bias voltage dependences of iyporo, Al
and F measured with laser powers of 0.2 and 2.0 mW are shown in
Figs. 2(c) and 2(d), respectively. The trends in iy, and F were similar
at both powers. As the reverse bias voltage increases, iy, increases,
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whereas F decreases. The increase in i1 is due to the efficient extrac-
tion of carriers to the electrode as the band potential tilt increases. In
contrast, Ai exhibited a maximum at —1.0V for 0.2 mW and at
—2.0V for 2.0 mW, decreasing as the reverse bias voltage further
increased. Increasing the reverse bias voltage is expected to increase
both e, and Ai; however, spin relaxation of conduction electrons
can be accelerated under a strong electric field. Spin depolarization in
GaAs can be enhanced due to D’yakonov-Perel’ spin relaxation as a
result of the electric-field-induced increase in the electron tempera-
ture.'® The spin depolarization enhanced by electric field is also
expected to occur in GaNAs. In this case, the capture of conduction
electron spins by the defect states tends to weaken, as discussed below.
The spin-selective capture of conduction electrons is suppressed,
resulting in the decreased Ai. By increasing the laser power, a sufficient
number of conduction electrons can be captured by the defect states to
polarize the defect electron spins even at large reverse bias voltages.
Therefore, the maximum of Ai would appear at the larger reverse bias
voltage.

The dependence of F on the laser power at different bias voltages
was measured, as shown in Fig. 3(a). F increased with the laser power
at all bias voltages. This result agrees with the excitation-power depen-
dence of the photoluminescence polarization of GaNAs.”'” This is due
to the promoted cycle of electron spin capture by the defect states and
the recombination of defect electron spins with holes. The slope of the
increase in F and maximum of F depended on the bias voltage. To
reveal the influence of the reverse bias voltage on F, based on previous
studies,” "’ we performed a coupled rate equation analysis of the
power-dependent F using Eqgs. (2)-(4). The rate equation model is
schematically illustrated in Fig. 3(b),

dny)|
dt

na M

vl
— Ny — 2
2. Vel1/ 14N /1 ) )

Te

=Gy +
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ANy Nyp = Niyy 1
i - 2, Nt meN @)
d
d—‘lt) =G+ Gy = 7pNyy. 4

Here, n;/| represents the density of conduction electrons with up-
spin/down-spin and Ny, represents the density of Ga’' defects
occupied by an unpaired electron with up-spin/down-spin. Ny | is the
density of Ga* defects occupied by two spin-paired electrons and N is
the total density of Ga interstitial defects (N. = Ny + N| + Ny ). p is
the density of free holes, and p = n; +n| + N;| from the require-
ment of charge neutrality. y, (y,) denotes the capture coefficient of
conduction electrons (free holes) by the Ga interstitial defects. 7, and
5. denote the spin relaxation time of conduction electrons and Ga*"
defect electrons, respectively. 7, is the extraction time of the conduc-
tion electrons to the electrode. Here, Gy = Gop(1=Py)/2 implies
the optical generation rate of conduction electrons for the correspond-
ing spin states. Gy is the optical generation rate of the total conduc-
tion electrons and P, is the initial spin polarization of the
photogenerated electrons. Based on the optical-transition selection
rule,'’ Py was set to 0.5 and 0 for circularly and linearly polarized
light, respectively. 7, was set to 800 ps based on the previous
studies.'””" Since hole mobility in GaNAs is much lower than electron
mobility,”* > the effect of drift on 7, can be negligible compared to y,.
75, was assumed to be constant with respect to the bias voltage. Note
that the hole current should be sufficiently small compared with the
electron current because the Alj3Gay,As barrier exists only on the
p-layer side. Therefore, the photogenerated electron current (photo-
current) for circularly and linearly polarized light can be defined as’

Oir(lin) O cir(lin)
jOcirllin) — nT + nl
i =el—m——. (5)
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Hence, F can be calculated as the ratio of the conduction electron
densities for circularly and linearly polarized light.

Figure 3(c) presents the simulation results of the rate equation
with various 7, at fixed parameters of 7, =5 x 10" *"cm® ps ! and
7, = 100 ps. The decrease in 7 leads to a decreased spin polarization of
conduction electrons captured by the defect states. In this case, the
spin-selective capture of conduction electrons by the defect states was
weakened, resulting in a decrease in F. The simulation results with vari-
ous y, at 7, =7, = 100 ps are presented in Fig. 3(d). The decrease in 7},
also causes a decrease in F. The effects of t; and 7, on the power-
dependent F appear to be the same, but 7, tends to change the power
required to increase F. The increase in F became slower as 7, decreased.
The decrease in y, reduces the cycle of spin capture and recombination,
which causes a dynamic polarization of the defect electron spins.
Hence, a higher power is required to promote the dynamic polarization
process. The best-fit results of the rate equation for power-dependent F
are shown in Fig. 3(a). The sharp and slow increases in F at low and
high reverse bias voltages were well fitted by optimizing the parameters.
The fitting results yieldled N,=53x10"cm > and 7y,=40
x 107" cm? ps™". These values are relatively close to those reported for
GaNAs."”*" This indicates the validity of the fitting. The deviations
between the fitting results and the experimental values in the low-power
region are discussed in the supplementary material.

The bias voltage dependences of 7, y,, and 7., as deduced from the
rate equation fitting, are summarized in Figs. 4(a)-4(c). All of these values
decreased with increasing reverse bias voltage. This result can be
explained by the bias voltage-induced change in the conduction potential.
The one-dimensional calculated conduction profiles of the GaNAs layers
at —0.5 and —2.5V are shown in Figs. 4(d) and 4(e), respectively. In this
calculation, the MgO/Fe interface was set as the origin of the position.
The calculations were performed using the nextnano software.” At a rela-
tively low electric field of —0.5V, not only are electron spins generated by
circularly polarized excitation less subjected to the electric-field-induced
spin relaxation, but also the spin polarization of conduction electrons cap-
tured by the defect states tends to be high, as depicted in Fig. 4(d).

ARTICLE pubs.aip.org/aip/apl

The resulting high-spin polarization of defect electrons activates the SDR
effect. This explanation is reflected in the longer 7, and larger y, at lower
reverse bias voltages. The presence of MgO tunneling barrier may also
increase y, via the increase in 7. In this case, the conduction electron
density for circularly polarized light was larger than that for linearly polar-
ized light, resulting in a higher F. In contrast, the spin polarization of the
conduction electrons can be rapidly lost with an increase in the electric
field,” as depicted in Fig. 4(e). Spin-polarized conduction electrons
photogenerated far from the electrode are likely to lose spin polarization
during transport to the n-GaNAs layer with high-density defect states.
This phenomenon is reflected in the shortest 7, at —2.5V. In addition,
the decrease in 7, with increasing drift velocity can reduce y, because it
enhances the extraction of conduction electrons to the electrode. These
factors reduce the spin polarization of defect electrons for circularly
polarized light by deactivating the SDR effect. As a result, the spin polar-
ization of the conduction electrons and defect electrons approaches 0%,
as in the case of linearly polarized light, and thus, F decreases at higher
reverse bias voltages. These results suggest a trade-off between the dis-
crimination efficiency of light polarization and the response time of the
polarization-sensitive photodiode based on the SDR effect.

Finally, we compare the performance between this work and
existing polarization-sensitive photodetectors. Some kinds of materials,
including organic semiconductor,” ™’ perovskite,””* and dilute
nitride semiconductor,” have been applied in polarization-sensitive
photodetectors (supplementary Table S1). The photodetectors based
on the chiral materials exhibit high photoresponsivity and low dark
current. However, most of the chiral materials exhibit a low carrier
mobility on the magnitude of 107°-10"*cm?*/V's,”” making them
unsuitable for high-speed operation. GaNAs-based photodiode in this
study exhibits a low photoresponsivity due to the presence of the MgO
tunneling barrier but exhibits a low dark current comparable to
the existing polarization-sensitive photodetectors. A remarkable per-
formance parameter is the response time expected from the rate equa-
tion analysis. In the case of a photodiode, the response time
corresponds roughly to the extraction time of the conduction electrons
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to the electrode, 7., obtained by rate equation analysis. 7, was esti-
mated to be 34ns and 34 ps at —0.5 and —2.0V, respectively.
Therefore, the developed photodiode based on GaNAs has a significant
advantage in terms of high-speed operation over the existing
polarization-sensitive photodetectors. Furthermore, considering that F
reached 1% even at —2.0'V, these findings suggest that the developed
polarization-sensitive photodiode can operate at 10 GHz.

In summary, the polarization-dependent photocurrent character-
istics of a GaNAs-based near-infrared photodiode were investigated at
room temperature without a magnetic field. The discrimination effi-
ciency between the circularly and linearly polarized light depends on
the laser power and bias voltage. At —2.0 V, where the discrimination
efficiency reached 1%, the extraction time of the conduction electrons
to the electrode was estimated to be 34 ps. This result suggests that the
developed polarization-sensitive photodiode can operate at ten GHz.
The higher discrimination efficiency at higher power was attributed to
the activated spin-selective capture of conduction electrons by the
defect states in the case of circularly polarized light. The lower discrim-
ination efficiency at higher reverse bias voltages was due to an increase
in the electric field. The high electric field not only accelerates the spin
relaxation of conduction electrons but also promotes the extraction of
conduction electrons to the electrode, leading to a decrease in the spin
polarization of the captured electrons and the capture efficiency of the
conduction electrons. These factors suppress the dynamic polarization
of the defect electron spins; thus, the spin-selective capture of conduc-
tion electrons by the defect states is weakened. This study provides a
comprehensive understanding of polarization-sensitive photodiodes
based on the spin-dependent recombination effect of GaNAs.

See the supplementary material for details on the relationship
between the conduction electron population and excitation light polar-
ization, the influence of the magneto-optical effect on the polarization-
dependent photocurrent characteristics, the deviations between the fit-
ting results and the experimental values of power-dependent F in the
low-power region, and the performance comparison between this
work and existing polarization-sensitive photodetectors.
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