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It is still a great challenge for semiconductor based-devices to obtain a large magnetoresistance (MR) effect under
a low magnetic field at room temperature. In this paper, the photoinduced MR effects under different intensities of il-
lumination at room temperature are investigated in a semi-insulating gallium arsenide (SI-GaAs)-based Ag/SI-GaAs/Ag
device. The device is subjected to the irradiation of light which is supplied by light-emitting diode (LED) lamp beads with
a wavelength in a range of about 395 nm—405 nm and the working power of each LED lamp bead is about 33 mW. The
photoinduced MR shows no saturation under magnetic fields (B) up to 1 T and the MR sensitivity S (S = MR/B) at low
magnetic field (B = 0.001 T) can reach 15 T~ It is found that the recombination of photoinduced electron and hole results
in a positive photoinduced MR effect. This work implies that a high photoinduced S under a low magnetic field may be
obtained in a non-magnetic semiconductor device with a very low intrinsic carrier concentration.
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1. Introduction

The magnetoresistance (MR) effect attracts lots of at-
tention because of its great research significance and poten-

(1.2 hard drives,! mag-

tial applications in magnetic sensors,
netic memory,[# etc. Comparing with the magnetic materi-
als, the MR effects on the non-magnetic materials, such as
Si,5-161 Ge, 177291 NbSb,, 2] WTe,,[??! InAs,[?3] CdTe, 2
Hg(77Cdg23Te,>) GaAs, 2639 etc., each present a compara-
ble large MR ratio. Among them, MR devices based on GaAs,
which is one of the direct band gap non-magnetic semicon-
ductors, have also attracted a great deal of attention. Previ-
ous researches were mainly concentrated on the MR effects
at low temperature.*-39 Subsequently, some room temper-

26271 For example,

ature MR effects have been investigated.!
Sun et al.””’! found a large room-temperature MR effect in
the Au/semi-insulating (SI) GaAs/Au device, reaching 10°%
at 0.8 T. Wang et al.?! observed a diode enhanced MR effect
of about 2600% under a magnetic field of 1.2 T in GaAs at
room temperature.

Some researches have shown that the semiconductor
materials-based MR effects could be significantly enhanced
by light irradiation.3'-38 For example, Akinaga et al.!*?! ob-
served a large photoinduced MR effect of 20% at B=0.1 T
in GaAs including nanoscale MnSb islands. Recently, Viana
et al.3%) obtained photoinduced MR in a p-type SI-GaAs sam-
ple. However, the absolute value of photoinduced MR at room
temperature was far smaller than 0.5% and the corresponding
MR sensitivity (S = MR/B[S]) was far lower than 0.05 T~!. A

large ratio of MR at room temperature under a low magnetic
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field still needs to be further investigated.

In order to obtain a large photoinduced MR and high S
under a low magnetic field, we fabricate an SI-GaAs-based
Ag/SI-GaAs/Ag device and investigate the photoinduced MR
at room temperature. A high photoinduced S (about 15 T~ ! at
B =0.001T) is obtained and its mechanism is also analyzed.

2. Experiments

In this paper, we used the n-type semi-insulating (SI)-
GaAs (provided by Hefei Kejing Materials Technology Co.,
Ltd.) with a resistivity of 1.42 Q-cm—1.53 % 103Q-cm, mobil-
ity of 5380 cm?/(V-s)~ 5700 cm?/(V-s), and dislocation den-
sity of less than 5200 cm 2. The SI-GaAs wafer was single-
side polished with a thickness of 0.35 mm. The wafer was cut
into a rectangular shape with a length of 7.22 mm and a width
of 2.87 mm, and was cleaned by a mixture solution of ammo-
nia, hydrogen peroxide, and deionized water of 1:2:5 volume
ratio under ultrasonic vibration. Four silver paste electrodes
were aligned along the centerline of the wafer on the polished
face (as shown in Fig. 1(a). Figure 1(b) presents the scanning
electron micrscopy (SEM) cross-section image of the elec-
trode). As shown in Fig. 1(c), the work function of SI-GaAs
(about 4.8 eV) is larger than that of the Ag electrode (about
4.3 eV), so the contact between Ag electrode and SI-GaAs
can be regarded as an ohmic contact.

The electronic transport properties of the devices were
measured by using a Keithley 6220 current source, Keithely
6485 picoammeter, and Keithley 2182 A voltmeter. In the high
resistance measurement mode, the current source provided a
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current range from 0.1 pA to £0.1 A, the picoammeter mea-
sures the current in a range from £10 fA to £21 mA in which
the minimum resolution is 10 fA and the voltmeter collects
the voltage in a range from +0.1 nV to £100 V in which the
minimum resolution is 0.1 nV. The electronic transport mea-
surement is illustrated in Fig. 1(a), the excitation illumination
supplied by LED lamp beads with the wavelength in a range
of about 395 nm—405 nm and the working power of each LED
lamp bead was about 33 mW. The distance between the LED
lamp beads and the device was about 100 mm and the light was
perpendicular to the sample surface and illuminated the whole
surface. Only after the stabilization of illumination, were the

Voltage/V

electrical transport measurements performed under different
magnetic fields. The intensity of illumination is linearly de-
pendent on the number of LED lamp beads. Therefore, for
simplicity, we denote the illumination intensity as N-LEDs,
where N represents the number of the LED lamp beads. The
magnetic field (B) was perpendicular to the current and paral-
lel to the sample plane (see Fig. 1(a)). As shown in Fig. 1(d),
there were almost no differences among the V—I characteris-
tics of an LED lamp bead under different magnetic fields, in-

dicating that the applied magnetic field has no effect on the

intensity of illumination.

0 2 4 6 8
Applied current/mA

Fig. 1. (color online) (a) Measurement schematic diagram of the SI-GaAs-based device, (b) SEM cross-section image of the electrode, (c)
energy diagram of Ag electrode and SI-GaAs semiconductor, and (d) V-I curves of an LED lamp bead under different magnetic fields.

The carrier concentrations were measured by the Van der
Pauw method on a 9 mm x9 mm square wafer under the irra-
diation of different-intensity light. The measurement results
showed that the carrier concentrations in the dark, 2-LEDs,
and 4-LEDs intensity of illumination environment were about
55x10° em™3, 3.7 x 10" cm™3, and 5.0 x 10! cm™3, re-
spectively. The Hall coefficients in the dark, 2-LEDs, and
4-LEDs intensity of illumination were —1.1 X 10° cm3-C’1,
—1.7%x 107 cm®-C!, and —1.3 x 107 cm3.C~!, respectively.
The Hall coefficients are negative, indicating that the conduc-
tive type of the device is indeed n-type. All the above mea-
surements were obtained at room temperature.

In order to eliminate the influence of Hall effects, we
to0k Veyen(B) = [V(B) + V(—B)]/2 as the real voltage val-
ues under magnetic field and calculated the MR ratio from
MR = [Veyen(B) — V(0)] x 100%/V (0), where V(B), V(—B),
and V (0) represented the testing voltage under positive, nega-
tive magnetic field, and zero magnetic field, respectively.

3. Results and discussion

Figures 2(a) and 2(b) display the voltage—current (V-
I) curves under different-intensity illumination and different
magnetic fields (the number of V-I curves under 0.005 T,
0.01 T,0.05 T, 0.1 T, and 0.5 T are not presented for clarity).
As stated in the experimental part, the carrier concentration in
the dark is very low, the VI curves of the device in the dark
are hard to obtain. It can be seen from Figs. 2(a) and 2(b)
that the VI curves show linear characteristics under no ap-
plied magnetic field. At the same applied current and magnetic
field, the voltage under 2-LEDs irradiation is larger than that
under 4-LEDs irradiation. As stated above, the carrier concen-
tration under 2-LEDs irradiation is smaller than under 4-LEDs
irradiation. Therefore, the larger voltage under 2-LEDs irradi-
ation is mainly attributed to the smaller carrier concentration
according to the formula V = I1/(nquSy), where n, ¢, and p
are the carrier concentration, the charge of electron, and the
carrier mobility, respectively, / and Sy refer to the length be-
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tween the two electrodes in the middle and the cross-sectional
area of the sample, respectively.

The V-I curves remain linear an under applied magnetic
field and the slope increases with the magnetic field increas-
ing. As shown in Figs. 2(c) and 2(d), the initial voltage, which
is the intersection between V-I curves and the y axis, is about
zero with or without magnetic field, indicating that the con-
tact between Ag and SI-GaAs is indeed an ohmic contact,
which is consistent with the energy band result. Therefore,
the MR effect discussed below belongs to the bulk effect. This
proves once again that our work focuses on the intrinsic pho-
toinduced MR effect, which is obviously different from the

magneto-photogalvanic effect in p-n junctions. 7]
2-LEDs
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The calculated MR-B curves and corresponding calcu-
lated S—B curves are shown in Figs. 2(e) and 2(f). Under 2-
LEDs irradiation, with the increase of magnetic fields, the MR
increases sharply from about 1.3% under B = 0.001 T to 7.6%
under 0.1 T and then increases slowly. When the intensity of
the illumination is from 4 LEDs, the value of MR increases
with applied magnetic field increasing and does not show sat-
uration. It is interesting to observe that the value of MR under
0.001 T can reach about 1.5% (see Fig. 2(f)). Meanwhile, the
MR under 4-LEDs irradiation is larger than that under 2-LEDs
irradiation. This indicates that a larger photoinduced positive
MR can be obtained under a higher intensity of illumination.
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Fig. 2. (color online) [(a) and (b)] VI characteristics under different magnetic fields, with insets showing magnified parts of curves. [(c) and
(d)] Curves of initial voltage versus magnetic field. [(e) and (f)] Calculated MR-B curves and S—B curves at [ = 22 nA. Curves are obtained
under [(a), (c), and ()] 2-LEDs illumination and [(b), (d), and (f)] 4-LEDs illumination.

As shown in Figs. 2(e) and 2(f), S decreases sharply with
applied magnetic field increasing. When B = 1 T, the values of
S are about 0.08 T~! under 2-LEDs irradiation (see Fig. 2(e))
and about 0.1 T~! under 4-LEDs irradiation (see Fig. 2(f)),
respectively. The highest S values are about 13 T~! under 2-
LEDs irradiation (see Fig. 2(e)) and about 15 T~! under 4-
LEDs irradiation (see Fig. 2(f)), respectively. Under the same
applied magnetic field, the value of S under 2-LEDs irradiation
is smaller than that under 4-LEDs irradiation, indicating that a
higher S value may be observed under higher-intensity illumi-

nation. It is worth noting that the obtained S value is at least 3

orders of magnitude higher than that in previous values from
GaAs-based devices,**! higher than those from non-magnetic
Si-based devices (S = 3.15 T~! at B = 0.25 T®) and from
non-magnetic Ge-based devices (S ~ 8 T~! at B= 0.4 T},
and also higher than the value of S reported by Akinaga et
al.B? (§=2.5T"!, MR =20%@B = 0.1 T) from magnetic
doping semiconductor devices. Even though the high value of
S(S>12T !, MR > 600% at B < 0.5 T in GaAs:MnAs gran-

[401) was obtained in a magnetic doping semicon-

ular thin film
ductor device, the applied magnetic field was still high. Re-

cently, a large value of S (S ~ 21.7 T-!, MR = 2600% @B =
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1.2 T) was found in a GaAs-based device.[2®] However, this
work was based on the diode enhanced MR effect, which was
not an intrinsic effect of GaAs.

There are many physical models of large positive MR ef-
fects in non-magnetic semiconductors-based devices, such as
78114191 diode-assisted geometry

[22] avalanche breakdown

the space-charge effects,!
enhanced model,?>*!1 band theory,
model,[©9-23-2742] the nano-inhomogeneous model,!'324! the
antilocalization effect,[*®] and the carrier recombination
effects.l!”*3] Among them, the space charge of the space

nl7819 or the intrin-

charge effects is from the electron injectio
sic space-charge region of the p—n junction.!! =4 In the diode-
assisted geometry enhanced model, the p—n junction nonlinear
electrical transport properties are combined with the geometric
effects of the Lorentz force. The band theory explanation usu-
ally works under low temperature. Meanwhile, an avalanche
breakdown model is generally used in the case of the high en-
ergy electron impact ionization. Nevertheless, the MR effect
in our work belongs to the bulk effect at room temperature
and the carriers are mainly photoinduced electrons and holes.
Therefore, the above four models may not be suitable for ex-
plaining our present MR effects. Furthermore, under light ir-
radiation conditions, most photoinduced carriers are generated
around the surface of SI-GaAs and diffuse into the deep of
semiconductors exponentially, resulting in the inhomogeneous
distribution of photoinduced carriers in the direction perpen-
dicular to the surface of the sample since the carrier diffusion
lengths in GaAs*¥ are much smaller than the thickness of
our device. Further investigation of the influence of the in-
homogeneous distribution of the photoinduced carriers in the
direction perpendicular to the surface of the sample is surely
required. However, previous researches!!>># showed that the
nano-inhomogeneous model was related to the spatial fluctu-

® intrinsic electron O intrinsic hole

(2)

ation in the donor density. Meanwhile, in our work, the dis-
tribution of photoinduced carriers is homogeneous along the
surface of the sample. Therefore, the nano-inhomogeneous
model may not be suitable to explaining the MR effect in this
work. Besides, the antilocalization effect is expected to be
stronger in p-type materials,! so that is not the case in our
device. Interested readers may refer to our recent review arti-
cle that focuses on the physical models of MR effects in non-
magnetic semiconductors.*>! Through the above analysis, we
believe that the carrier recombination effect is more applicable
to the photoinduced MR effect in this work since the photo-
induced electrons and holes are inclined to recombine and can
be influenced by the magnetic field.

On the basis of the carrier recombination model, the
schematics of the electron/hole recombination under differ-
ent intensities of light irradiation conditions are shown in
Figs. 3(a) and 3(b). When the SI-GaAs-based device is in
the dark, the recombination rate of intrinsic electron and hole
is very small since their concentrations are very low (see
Fig. 3(a)). As shown in Fig. 3(b), under the light irradiation
condition, the photoinduced carrier concentration increases
sharply. When the magnetic field is applied, the electron and
hole are affected by the Lorentz force, increasing the recom-
bination rate, resulting in the decrease of the carrier concen-
tration and increase of the resistivity. Eventually, the positive
photoinduced MR is obtained. Compared with the photoin-
duced carrier concentration under 2-LEDs irradiation, the con-
centration of photoinduced carrier under 4-LEDs irradiation is
high. Therefore, under the same magnetic field, the recombi-
nation rate under 4-LEDs irradiation is larger than that under
2-LEDs irradiation, resulting in a larger positive photoinduced
MR.

© photoinduced electron @ photoinduced hole
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Fig. 3. (color online) Schematics of the photoinduced electron/hole recombination (a) in the dark and under light irradiation condition (b).
Equivalent resistance of the device (c¢) in the dark and (d) under light irradiation. Schematics of a sample with high intrinsic carrier concentration
(e) in the dark and (f) the corresponding photoinduced electron/hole recombination under light irradiation condition.

Another interesting phenomenon is that the high value
of S is obtained under an extremely low magnetic field (i.e.,
0.001 T). As shown in Fig. 3(c), when the device is in the

dark conditions, the resistance is denoted as R(ng, po), where

no and pg are the intrinsic electron and hole concentration,
respectively. In the condition of illumination as shown in
Fig. 3(d), the equivalent resistance can be regarded as the par-

allel resistance which consists of R(ng, po), the equivalent re-
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sistance R(An) and R(Ap) of photoinduced carrier, where An
and Ap represent the concentrations of photoinduced electron
and hole, respectively. The parallel resistance under illumina-
tion is expressed as R(no(B), po(B), An(B), Ap(B),B), where
no(B) and po(B) are the intrinsic concentrations of electron
and hole under magnetic field, respectively, and An(B) and
Ap(B) represent photoinduced electron and hole under mag-
netic field, respectively. Under the irradiation condition, the
photoinduced MR can be expressed as

R(no(B), po(B), An(B), Ap(B).B) | |/

R(no(0), po(0),An(0),Ap(0),0)
Besides,
R(no(B), po(B),An(B),Ap(B),B)
[ 1
" Soq tta(no(B)+An(B)) + tp(po (B)+Ap(B))

and |B| # 0, where p, and i, represent the mobility of elec-
tron and hole, respectively. At room temperature, the mobility
of the carrier can be regarded as a constant. Then equation (1)
can be transformed into

_ a(n0(0)+An(0)) + 1y (po(0)+Ap(0))

MR = a0 (B) +An(B)) + iy (polB)+Ap(B))

“1. (@)

If the intrinsic carrier concentration of the sample is very small
as shown in Figs. 3(a) and 3(b), in other words, the photoin-
duced carrier concentration An(0) and Ap(0) are very high, the
concentration of photoinduced carrier will be drastically re-
duced under a low applied magnetic field because of the larger
recombination rate of the photoinduced carrier. Therefore, a
positive photoinduced MR with a high value of S may be ob-
tained.

On the other hand, if the intrinsic carrier concentration
of the sample is very high (see Fig. 3(e)), i.e., nop and pg are
much larger than the values of An and Ap, equation (2) will be
transformed into

_ Hano(0) + pppo(0)

MR
tnnto(B) + Lppo(B)

3)

It can be seen from Eq. (3) that the MR mainly depends
on the variation of carrier concentration at the equilibrium,
and is hardly influenced by photoinduced carrier concentra-
tion. Therefore, the recombination rate for the high intrin-
sic carrier concentration condition will be smaller than that
for the low intrinsic carrier concentration condition under the
same strength of applied magnetic field (see Figs. 3(b) and
3(f)). Eventually, the values of photoinduced MR and S will
be smaller. Thus, it indicates that the high value of photoin-
duced S may be obtained in a non-magnetic semiconductor-
based device with low intrinsic carrier concentration.

0.5
L (a) 4LEDs — B=1T
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Fig. 4. (color online) (a) VI characteristic curve of the In/n-GaAs/In
device under different magnetic fields and 4-LEDs intensity of illumi-
nation, with inset showing magnified part of the curves. (b) Calculated
MR-/ and S—/ curves under 1 T.

In order to further analyze the effect of intrinsic carrier
concentration on the photoinduced MR, we fabricate an In/n-
GaAs/In device with a higher intrinsic carrier concentration
of about 3 x 10'7 cm™3—4 x 10'7 cm~3 and the geometric di-
mensions remain the same. We use the same measurement
method to measure the electronic transport properties of the
device under 4-LEDs irradiation. The results are shown in
Fig. 4(a). In Fig. 4(a), one can easily find that the V-I curves
show linear characteristics and the initial voltage is about zero
with or without magnetic field, indicating that the contact be-
tween In electrode and n-GaAs is an Ohmic contact. Sim-
ilarly, the photoinduced MR effects in the In/n-GaAs/In de-
vice can also be considered as a bulk effect. The other one
is that the resistance of the n-GaAs-based device is obviously
smaller than that of the SI-GaAs-based device (see Fig. 2(b)),
which is mainly attributed to the different concentrations of
the two GaAs-based devices. Figure 4(b) shows the calculated
MR- and corresponding calculated S—/ curves under 1 T. It
is seen that the MR and the corresponding S show their de-
creasing with current increasing, and the maximum values of
photoinduced MR and the corresponding S are about 1.5% and
0.015 T~!, respectively. Compared with the values of MR
and S of the SI-GaAs-based device under the same condi-
tions (see Fig. 2(f)), the values of MR and S of the n-GaAs-
based device are about one order of magnitude smaller, re-
spectively. Meanwhile, according to a previous result,!'"! the
highest non-photoinduced MR is obtained in the silicon device
with a low acceptor concentration. Consequently, based on the
above investigations, it is more reasonable to believe that in a
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non-magnetic semiconductor-based device, low intrinsic car-
rier concentration may be beneficial to obtaining larger pho-
toinduced MR and S.

4. Conclusions

In this work, a photoinduced positive MR with large MR
sensitivity have been observed in the SI-GaAs-based Ag/SI-
GaAs/Ag device with low intrinsic carrier concentration at
room temperature. The MR value increases with applied mag-
netic field increasing. When the intensity of the illumination
increases, the value of § increases, and the highest S value
reaches 15 T~ ! under 0.001 T. Mechanism analysis shows that
the positive photoinduced MR is mainly due to the recombina-
tion of photoinduced electron and hole. This paper indicates
that a high photoinduced S under a low magnetic field may
be obtained in a non-magnetic semiconductor device with low
intrinsic carrier concentration.
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