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To control the semiconductor device under low magnetic field is still a great challenge for
semiconductor magnetoelectronics. In this work, we report the observation of the magneto-
photogalvanic effect in periodic GaAs dot arrays. With an increase in magnetic field from 0 to
1500 Oe, the photovoltage increases linearly for a wide temperature range from 80 to 430K.
Compared with GaAs without the dot arrays, periodic GaAs dot arrays have a hundredfold
increase of the magnetic-field-modulated photovoltage at room temperature. By changing the
magnetic field orientation, the angular dependence of photovoltage reveals that the magneto-
photogalvanic effect stems from the Hall electric field caused by optical current, and the enhance-
ment of magneto-photogalvanic effect is attributed to the p-n junction coupling between GaAs
dots. When the coupling between the GaAs dots is broken at the high temperatures, i.e.,
T=430K, we demonstrate that the enhancement effect disappears as expected. Our results
not only illustrate the magnetic control of energy flow in light harvest, but also provide an
applicable way for semiconductor magnetoelectronics by utilizing p-n junction coupling.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4971406]

With the continuous shrinking to meet the projections of
Moore’s law, semiconductor electronics is now reaching its
fundamental limits." To realize, Magnetic-field-manipulated
semiconductor electronics is promising for future magnetoe-
lectronics, which naturally combines modern electronics
with magnetic functionalities.” So far, various semiconductor
materials from narrow gap semiconductors such as Ag,Te/
Se,375 InSb,6 and WTez7*9 to conventional and commercial-
ized semiconductors such as GaAs,lo Ge,“’12 and Si'>7"° all
have shown that the electric transport behavior can be signif-
icantly modulated by the magnetic field, which yields an
unexpectedly large and unsaturated magnetoresistance (MR).
These pioneer works open an era of semiconductor magneto-
electronics without using ferromagnet. Compared with the
nowadays magnetoelectronics based on ferromagnet, the
semiconductor magnetoelectronics could provide the larger
MR with the higher MR sensitivity. For example, MR for
WTe, is as high as 452700% at 4.5K in a magnetic field of
14.7 T, which yields the MR sensitivity up to 3079% per
kOe.

Recently, optoelectronics, being another fundamental
application of semiconductor electronics, has been reported
that it can also be significantly modulated by the magnetic
field.'® It was discovered that by the combination of the mag-
netoresistance of ferromagnet FeNi (or NiCo) and the photo-
electric effect of Si Schottky junctions, it is possible to
realize the magnetic tuning of the photovoltage in FeNi/Si
Schottky junctions. By applying a very low magnetic field
on the order of oersteds, the ratio of lateral photovoltage
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change in Si can achieve 3.2%, compared to the value of
1.1% in NiCo. Although the photovoltaic effect under the
low magnetic field is caused by the change of magnetic
moment of the ferromagnet, it should be noted that the ratio
of photovoltage change in Si is counterintuitively much
larger than that in ferromagnet NiCo. This immediately leads
to the question of whether photovoltage is possible to be
manipulated by the low magnetic field from the semiconduc-
tor without the auxiliary ferromagnet, especially in the p-n
junction, which naturally has combined a well-known excel-
lent photoelectric effect and a large MR effect.'” "

In this work, we fabricated the GaAs devices patterned
periodic dot arrays by ion implantation. Due to the concen-
tration difference, each GaAs dot in arrays can be considered
as a single p-n junction. Remarkably, we demonstrate that
the photovoltage in GaAs with dot arrays increases linearly
with the magnetic field from O to 1500 Oe, which is two
orders amplitude larger than that in GaAs without dot arrays.
The temperature dependence of photovoltage further reveals
that the enhancement of the magneto-photogalvanic effect
stems from the form of coupling between dot arrays, when
the carrier diffusion length is comparable to the distance of
the GaAs dot arrays. Since p-n junction is one of the most
fundamental building blocks in modern electronics, the
magneto-photogalvanic effect in p-n junction under the low
magnetic field offers a tantalizing prospect of incorporating
magnetic, optical, and electronic functionality together.

We selected the single crystal semiconductor GaAs
[100] to study the magneto-photogalvanic effect. Unlike the
indirect band gap of Si, GaAs is known as a direct band gap
semiconductor, where the electrons can be directly excited
by photons. In order to fabricate the p-n junction arrays, we

Published by AIP Publishing.
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FIG. 1. (a) The sketch of the fabricated
GaAs device with dot arrays. (b) The
left figure is the optical microscopy
image of sample, and the right figure is
the higher magnified dot array image.
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shown in (b). We apply the current
from electrode 2 to 4, and measure the
voltage between electrode 2 and 4. (d)
Schematic of the laser pulse sequence
and open-circuit photovoltage measure-
ments. In both (c) and (d), the magnetic
field is directed by the y axis.

— et

-0.2 -0.1 0.0 0.1 0.2 0 150

V)

implanted nitrogen ions (40keV, 1 x 10'7 atom/cm’) at the
top surface of GaAs, where dot arrays were patterned by
lithography technology. The fabrication method is compati-
ble with the semiconductor CMOS technology. The
experimental work was carried out at the 320kV platforms
for multi-discipline research with highly charged ions at the
Institute of Modern Physics, Chinese Academy of Sciences.
Figure 1(a) shows the sketch of the fabricated GaAs device
with dot arrays. A laser beam with a wavelength of 650 nm
and a power of 30 mW was used to illuminate dot arrays of
the sample. The open-circuit photovoltage (V,.) was directly
measured between Ag electrodes. For brevity, we refer to the
voltage between electrodes 1-3, 2—4, and 1-4 as V|_3, Vo 4,
and V4, respectively. The optical microscopy image of
GaAs device with dot arrays is shown in Fig. 1(b). The cen-
tre to centre distance of the dot is 20 um, and the dot diame-
ter is 10 um. In supplementary material, Fig. S1, we further
present the n"-GaAs dot arrays by mapping the distribution
of nitrogen concentration.

Figure 1(c) shows the typical magneto-photogalvanic
effect in periodic GaAs dot arrays at 340 K. For the GaAs
without illumination, we did not observe the rectifying
behavior. The current (/)-voltage (V) curve exhibits a linear
characteristic, which indicates that the lateral space charge
region between each dot is weak. Even when the sample is
illuminated by light, the /-V curve still keeps the linear
behavior, but the sample resistance decreases from 30 to
4.6 MQ due to photo-induced carriers. We also check that
the open-circuit photovoltage is only 22 mV, which is consis-
tent with the weak lateral space charge effect. However, here
Voc significantly depends on the magnetic field. When the
magnetic field is applied, /-V curve exhibits an obvious shift
along the voltage axis. At H=15450e, V. significantly
increases from 22 to 155mV. To further demonstrate such
magneto-photogalvanic effects, we recorded the photovolt-
age cycles with and without the magnetic field by consecu-
tively switching the light, as shown in Fig. 1(d). One can

300 450 600

t(s)

find that V. is 22mV at H =0 Oe, however, at H = 1545 Oe,
the V. is enhanced to 156 mV.

In Fig. 2, we present the magnetic tuning open-circuit
photovoltage effect at the room temperature. It is worth not-
ing that the photovoltage V, 4 increases linearly with
increasing magnetic field from 0 to 0.15T, but the slope,
defined as magnetic sensitivity dV,./dH, is dependent on the
orientation of the magnetic field. In Fig. 2(a), during rotation
of magnetic field in the xy plane, the maximum value of
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FIG. 2. Open-circuit photovoltage V5, 4 as a function of the magnetic field at
room temperature. (a) H in the xy plane. (b) H in the yz plane.
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slope (~74 uV/Oe) is observed as the magnetic field oriented
perpendicular to the x axis, and the minimum value of slope
(~2.7 uV/Oe) occurs as the magnetic field parallel to the x
axis. The similar results are observed during the rotation of
magnetic field in the yz plane, as shown in Fig. 2(b).
Interestingly, compared with the obvious MR in previous
semiconductors, which require a working magnetic field of
Tesla magnitude,"’ " the working magnetic field of
magneto-photogalvanic effect is only needed in Oersteds
magnitude. Remarkably, the linear feature in a low magnetic
field makes such magneto-photogalvanic effect more attrac-
tive to magnetic sensor industry. For comparison, we also
measured the magnetic tuning open-circuit photovoltage
to the GaAs device without dot arrays (see Fig. S2 in the
supplementary material). It shows that the magnetic sensitiv-
ity of photovoltage for the GaAs device without dot arrays
reduces two orders of magnitude, which suggests that the dot
arrays may play an important role in the enhancement of
magneto-photogalvanic effect.

Figure 3 shows the anisotropic magneto-photogalvanic
effect of the GaAs device with dot arrays at room tempera-
ture. One can find that all curves can be described well by
the sinusoidal function. In Fig. 3(a), during rotation of mag-
netic field in the xy plane, when the measuring electrodes are
changed, the sinusoidal function exists as obvious phase
shift, but keeps the same amplitude. Whereas, in Fig. 3(b),
during rotation of magnetic field in the yz plane, the sinusoi-
dal function exists as obvious amplitude change, but keeps
the same phase. Remarkably, when the magnetic field paral-
lels to the z axis, the V. is zero value. Hence, the whole
angular dependence of magneto-photogalvanic effect can be
formulated by a simple equation

E=FEy+azx H, (1)

where E represents the photoelectric field at zero magnetic
fields, and o is the fitted parameter of linear relationship
between the magnetic field and photovoltage.

Appl. Phys. Lett. 109, 232404 (2016)

According to Eq. (1), the photovoltage can be well
explained by the Hall electric field, if we consider that the
optical current flows along the z axis. As shown in Fig. 4(a),
the space-charge region is formed at the interface between
n*-GaAs and the GaAs substrate. When light illuminates the
surface of the device, electron-hole pairs are generated in the
doped dot area of the GaAs surface due to the absorption of
photons. Then, the generated carriers will diffuse from the
surface. The holes will be swept through the space-charge
region and drag the electrons to cross the barrier of space-
charge region. As a result, considering the dynamic balance
between carriers diffusion and recombination, the optical
current in bulk GaAs is generated along the z axis, but the
total optical current is still zero, i.e., I, = —I,,. The photovolt-
age manipulated by the magnetic field can be ascribed to two
mechanisms, as shown in Fig. 4(b). One is that the magnetic
field can help the electron-hole pair separation due to the
opposite Lorentz force for electron and hole, which increases
the diffusion flow of carriers. The other is that the Hall volt-
age is generated when the diffusion flow of carriers is
deflected by the magnetic field, which is consistent with the
previous reported magneto-photogalvanic effect.?

However, this picture cannot explain a hundredfold
increase of the magnetic-field-modulated photovoltage in
periodic GaAs dot arrays. Next, we will further discuss the
origin of the photovoltage enhancement. According to the
above explanation, a hundredfold increase of photovoltage in
periodic GaAs dot arrays indicates that the optical current
generated in periodic GaAs dot arrays should be two orders
amplitude larger than that of the GaAs without the dot
arrays, and such optical current enhancement should be
closely related to the dot arrays. Therefore, in Fig. 4(b), we
use two dots to represent the dot arrays to analyze the optical
current. When the carrier diffusion length is comparable
with the gap between the two dots, a recombination current
is generated. In this situation, a total optical current is
divided into two parts. One is the recombination current /, in
the n™ dot region, and the other is the optical current /, in
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FIG. 3. (a) The angular dependence of
photovoltage of GaAs with dot arrays
when the magnetic field is orientated
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in the xy plane. (b) The angular depen-
dence of photovoltage of GaAs with
dot arrays when the magnetic field is
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FIG. 4. (a) The schematic diagram of
band structure during optical excitation
between the doped GaAs dots and GaAs

(d)

substrate. The dash lines are the bound-
aries of space-charge region (SCR). (b)
The schematic diagram of enhanced
magneto-photogalvanic effect for GaAs
dot arrays due to charge separations
under magnetic field. (c) The photovolt-
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90k

age of GaAs dot arrays as a function of
temperature. (d) The magnetic sensitiv-
ity of GaAs dot arrays as a function of
temperature.
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the n region. Interestingly, according to our results, /; can
significantly control the optical current /, in our device. For
GaAs device without the dot arrays, /; can be considered as
0, thus I, is also small. Whereas for GaAs device with the
dot arrays, I occurs, which causes the amplification of I,,.
Such an effect is quite similar to the amplification of transis-
tor, where the emitter current is amplified by the base cur-
rent. In our device, analogous to the transistor, the emitter
current corresponds to the light-induced carriers /, in the n*
region, the base current corresponds to the recombination
current /, and the collector current corresponds to the optical
current in n region I,.2' In order to observe an obvious cur-
rent amplification effect, the base region in transistor should
be designed narrow enough, which can decrease the recom-
bination of the injected carriers in the base region and
increase the transmission. In our device, the base region is
considered as the doped n* region, which is only 0.06 um
according to the implanted energy”* and satisfies the above
requirement. More interestingly, instead of the electric field
to control the base current in conventional transistor, the
magnetic-field modulated base current is realized by utilizing
the Lorentz force to control the charge separation in the n™*
region, as shown in Fig. 4(b). Therefore, the whole device
without the external electrical power can be considered as an
optical self-amplification system due to the p-n junction
coupling.

In order to confirm this picture, we measured the
magneto-photogalvanic effect by varying the temperature
from 80 to 430K. This is because the temperature can
change the carrier mobility, and thus tune the coupling of dot
arrays. Figure 4(c) shows the temperature dependence of
V4, with and without the magnetic field. One can find that
the magneto-photogalvanic effect reaches the maximum at
340K and when the temperature further deviates from

300 400
T(K)

340K, this effect gradually decreases. It is worth noting that
all the photovoltages increase linearly with increasing mag-
netic field for the whole measured temperature range. So, we
can use the temperature dependence of magnetic sensitivity to
describe temperature induced magneto-photogalvanic effect,
as shown in Fig. 4(d). The magnetic sensitivity decreases with
increasing temperature from 80 K, then reaches the minimum
at 340K, and finally sharply approaches to zero as the temper-
ature further increases. Below, we will discuss the temperature
effect of magnetic sensitivity by using the coupling of dot
arrays. In the high temperatures, because the electron mobility
rapidly decreases, the coupling of dot arrays is broken, which
indicates that the recombination current /. between the dots
tends to be zero, thus /, also decreases. Therefore, the mag-
netic sensitivity sharply approaches to zero in the high temper-
atures. In the low-temperature region, the coupling of dot
arrays is greatly strengthened, all scattered dots can be consid-
ered as a whole, which is analogous to the GaAs device with-
out dot arrays. So, the recombination current /. is also zero,
and the absolute value of magnetic sensitivity will gradually
decrease as expected. In order to further confirm this picture,
we further present the magneto-photogalvanic effect of GaAs
samples with dot spacing from 15 to 60 um, as shown in the
supplementary material, Fig. S3. Based on our experimental
results, it is more reasonable to attribute the enhancement of
magneto-photogalvanic effect to the coupling of dot arrays.

In conclusion, according to the current amplification
effect of transistor, we design an optical self-amplification
GaAs device with dot arrays due to the p-n junction cou-
pling. The photovoltage of GaAs device presents a linear
feature in the magnetic field of Oersteds order, and the mag-
netic sensitivity is two orders of amplitude larger than that
GaAs device without periodic dot arrays. Our work suggests
that it is possible to open up opportunities in semiconductor
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optoelectronics, which can be modulated by the magnetic
field.

See supplementary material for the mapping image of
n*-GaAs dot arrays, the photovoltage of the GaAs device
without dot arrays and the photovoltage of the GaAs device
with various dot spacing distances.

This work was supported by the NSFC of China (Grand
Nos. 51372107, 11674141) and PCSIRT (Grant No.
IRT16R35).

"M. M. Waldrop, Nature 530, 144 (2016).

21. Zutic, J. Fabian, and S. D. Sarma, Rev. Mod. Phys. 76, 323 (2004).

R, Xu, A. Husmann, T. F. Rosenbaum, M. L. Saboungi, J. E. Enderby, and
P. B. Littlewood, Nature 390, 57-60 (1997).

47, 8. Hu, T. F. Rosenbaum, and J. B. Betts, Phys. Rev. Lett. 95, 186603
(2005).

°H. S. Schnyders, Appl. Phys. Lett. 107, 042103 (2015).

°S. A. Solin, T. Thio, D. R. Hines, and J. J. Heremans, Science 289,
1530-1532 (2000).

Y. K. Luo, H. Li, Y. M. Dai, H. Miao, Y. G. Shi, H. Ding, A. J. Taylor, D.
A. Yarotski, R. P. Prasankumar, and J. D. Thompson, Appl. Phys. Lett.
107, 182411 (2015).

SL.R. Thoutam, Y. L. Wang, Z. L. Xiao, S. Das, A. Luican-Mayer, R. Divan,
G. W. Crabtree, and W. K. Kwok, Phys. Rev. Lett. 115, 046602 (2015).

Appl. Phys. Lett. 109, 232404 (2016)

M. N. Ali, J. Xiong, S. Flynn, J. Tao, Q. D. Gibson, L. M. Schoop, T.
Liang, N. Haldolaarachchige, M. Hirschberger, N. P. Ong, and R. J. Cava,
Nature 514, 205-208 (2014).

10Z. G. Sun, M. Mizuguchi, T. Manago, and H. Akinaga, Appl. Phys. Lett.
85, 5643-5645 (2004).

3. J. Chen, X. Z. Zhang, Z. C. Luo, J. M. Wang, and H. G. Piao, J. Appl.
Phys. 116, 114511 (2014).

12K. Zhang, H. H. Li, P. Griinberg, Q. Li, S. T. Ye, Y. F. Tian, S. S. Yan, Z.
J. Lin, S. S. Kang, Y. X. Chen, G. L. Liu, and L. M. Mei, Sci. Rep. 5,
14249 (2015).

31 7. H. M. Schoonus, F. L. Bloom, W. Wagemans, H. J. M. Swagten, and
B. Koopmans, Phys. Rev. Lett. 100, 127202 (2008).

4C. H. Wan, X. Z. Zhang, X. L. Gao, J. M. Wang, and X. Y. Tan, Nature
477,304 (2011).

SM. P. Delmo, S. Yamamoto, S. Kasai, T. Ono, and K. Kobayashi, Nature
457, 1112-1116 (2009).

165, H. Wang, W. X. Wang, L. K. Zou, X. Zhang, J. W. Cai, Z. G. Sun, B.
G. Shen, and J. R. Sun, Adv. Mater. 26, 8059-8064 (2014).

D, Z. Yang, F. C. Wang, Y. Ren, Y. L. Zuo, Y. Peng, S. M. Zhou, and D.
S. Xue, Adv. Funct. Mater. 23, 2918-2923 (2013).

T, Wang, M. S. Si, D. Z. Yang, Z. Shi, F. C. Wang, Z. L. Yang, S. M.
Zhou, and D. S. Xue, Nanoscale 6, 3978-3983 (2014).

D, Z. Yang, T. Wang, W. B. Sui, M. S. Si, D. W. Guo, Z. Shi, F. C. Wang,
and D. S. Xue, Sci. Rep. 5, 11096 (2015).

20w. Van Roosbroeck, Phys. Rev. 101, 1713 (1956).

2T, Wang, D. Z. Yang, M. S. Si, F. C. Wang, S. M. Zhou, and D. S. Xue,
Adv. Electron. Mater. 2, 1600174 (2016).

227 N. Cheng, W. Y. Zhu, and W. Y. Wang, Acta. Phys. Sin. 31, 922
(1982).


ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-109-061649
http://dx.doi.org/10.1038/530144a
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1038/36306
http://dx.doi.org/10.1103/PhysRevLett.95.186603
http://dx.doi.org/10.1063/1.4927698
http://dx.doi.org/10.1126/science.289.5484.1530
http://dx.doi.org/10.1063/1.4935240
http://dx.doi.org/10.1103/PhysRevLett.115.046602
http://dx.doi.org/10.1038/nature13763
http://dx.doi.org/10.1063/1.1834733
http://dx.doi.org/10.1063/1.4896173
http://dx.doi.org/10.1063/1.4896173
http://dx.doi.org/10.1038/srep14249
http://dx.doi.org/10.1103/PhysRevLett.100.127202
http://dx.doi.org/10.1038/nature10375
http://dx.doi.org/10.1038/nature07711
http://dx.doi.org/10.1002/adma.201403868
http://dx.doi.org/10.1002/adfm.201202695
http://dx.doi.org/10.1039/C3NR04077A
http://dx.doi.org/10.1038/srep11096
http://dx.doi.org/10.1103/PhysRev.101.1713
http://dx.doi.org/10.1002/aelm.201600174
http://dx.doi.org/10.7498/aps.31.922

