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Antilocalization Effect on Photo-Generated Carriers in Semi-Insulating Gaas Sample
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Magnetoresistance measurements were performed on an illuminated semi-insulating GaAs sample 
with intrinsic deep level defects. Electrical carriers were photo-generated under light excitation and 
positive magnetoresistance for B < 0.2 T was observed in the whole range of temperatures measured 
(220-315 K). Using the model developed by H. Fukuyama and K. Hoshino, we interpreted the positive 
magnetoresistance as mainly caused by weak antilocalization effects over hole carriers for T > 240 K. 
The high disorder originated from the low temperature growth of the sample leads to the strong 
localization of carriers and gives rise to the positive magnetoresistance observed at temperatures as 
high as room temperature.
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1.	 Introduction
Electron transport in disordered systems has been 

widely studied over the past 30 years1-3 and is a powerful 
tool for probing electron-electron interactions4 and weak 
localization phenomenon5. For 2D systems, low field 
positive magnetoresistance has been observed on GaAs 
based structures and it is attributed to the spin-orbit coupling 
interaction which could be originated from the electric 
field of the atomic nucleus or related to the particular 
characteristics of crystalline and band structure of the 
solid6-10. Nevertheless, few studies about spin-orbit coupling 
interaction have been reported on 3D semiconductor thin 
films6,11,12. One method to determine the strength of the 
spin-orbit coupling is through the weak anti-localization 
effect (suppression of weak localization due spin-orbit 
interactions)1. One can use the models that predict the 
contribution to the magnetoconductivity due to this effect 
and obtain the inelastic and spin-orbit scattering times and 
verify how they respond to the change of temperature or 
carrier concentration8-10.

In this work, we report on the positive magnetoresistance 
measured on an illuminated GaAs sample in the temperature 
region of 220-315  K with intrinsic deep level defects. 
For the temperatures higher than 240  K, the positive 
magnetoresistance indicates the presence of spin-orbit 
coupling over the hole carriers that diffuse in a highly 
disordered system. The disorder is originated during the 
growth process where the GaAs material extremely rich in 
intrinsic deep level defects is obtained by low temperature 
molecular beam epitaxy (LT- MBE) growth13. This material 
is used in applications on the development of high quality 

insulating substrates after applying post-growth annealing14 
and there is an academic interest in the properties of the 
main intrinsic deep levels found in such materials, i.e., the 
arsenic anti-site (As

Ga
), a well-known mid-gap donor14, that 

can be found in concentrations that reach up to 1026 m–3 as in 
a typical LT-MBE sample grown. In such system, the carriers 
can be promoted to the bands from the As

Ga
 at temperatures 

above the room temperature or generated under illumination 
with an infrared GaAs LED at any temperature. In darkness, 
the As

Ga
 deep levels act as recombination centers, removing 

most band carriers leaving only hopping conduction. Thus, 
in darkness, we can identify the hopping contribution to the 
magnetoresistive effects while under illumination we can 
observe the band contribution. Since the localization radius 
of electronic wave functions is very short (i.e., of the order 
of 10 Å), no magnetoresistive effects due the wave function 
shrinkage will be observed for magnetic fields below 1 T. As 
will be shown, this is confirmed by our measurements. Thus, 
all magnetoresistive effects reported here were obtained 
under illumination and consist in effects related to scattering 
of band carriers by randomly distribute As

Ga
 anti-sites. In 

addition, the combination/recombination process via (As
Ga

) 
defects, subsequent to the carrier excitation, is different for 
electrons and holes under illumination conditions and its 
rate is temperature dependent. This property is also taken 
in account during our analysis and we found that holes 
are the majority carriers for the conductivity process in 
this sample. We analyzed the magnetoresistance curves 
using the model of Fukuyama and Hoshino15 considering 
localization/anti‑localization effects and obtained the 
inelastic and spin‑orbit scattering times as a function of 
the temperature. Since the quantitative description of the 
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spin-orbit interaction in a given material is the main key 
for new advances in spintronics field16, we expect that our 
work could shed some light on the possibility of using 
the spin‑orbit interaction for the development of room 
temperature spintronic devices.

2.	 Material and Methods
The samples were grown on (1 0 0) SI liquid encapsulated 

Czochralski GaAs substrates, in a RIBER 2300 MBE 
system. After the standard desorption procedures, a 
0.21 µm thick buffer layer was grown at 610 °C under an 
As overpressure of 3.2 × 10–5 Torr and 0.81 monolayer/s. 
After that, the substrate temperature was ramped down at 
10 °C/min to the final desired temperature while growing. 
After reaching the set temperature of 265 °C, a 2.4 µm thick 
GaAs epilayer was grown. The resistivity measurements 
were done using indium parallel bars contacts on samples 
that were cut into 1 × 2 mm2. The distance between the 
bars was 0.5 mm. This geometry was necessary in order to 
measure the electrical resistance in dark conditions. After 
depositing the contacts and attaching gold wires with a 
soldering station at a temperature of 250 °C the samples were 
not post-annealed. The measurements were carried out in the 
low electric field regime, i.e., in the ohmic regime that was 
identified from I(V) conductivity measurements, carried out 
from negative to positive bias, giving us a certainty about 
the linearity of the contact resistance in all the measured 
samples. We prepared at least seven pieces of the studied 
sample from different parts of the wafer and for a same 
wafer the results did not vary significantly. For carrying out 
the resistivity measurements, we used a Keithley automated 
Hall System model 7065, the standard current source and 
the requested meters. All contacts between the cryostat and 
the Hall system were done with triaxial cables in guarded 
mode measurements to avoid parasitic capacitance. Inside 
the cryostat, 2  mm diameter 50 Teflon insulated coaxial 
cables were used.

3.	 Results
The sample was illuminated by a GaAs infrared LED 

and the photon flux is linearly dependent on the current 
through the LED. Thus, for sake of simplicity, we will 
refer to the illumination intensity by the corresponding 
current from here on. In Figure 1 we present the electrical 
resistance R as a function of the temperature for different 
illumination intensities. For dark conditions, i.e., with 
0  mA, R increases as the temperature decreases while 
under illumination it decreases below 240  K when the 
illumination varies from 0 mA to 10 mA. For illumination 
with current above 10 mA, the electrical resistance oscillates 
as the temperature decreases between 260  K and 240  K 
and starts to decrease for temperatures below 240  K. In 
Figure 2a we present the normalized R as a function of the 
magnetic field with different illumination at T  =  300  K. 
Through this figure we observe that no magnetoresistive 
effect is observed in dark conditions (0 mA) (e.g. the slight 
oscillations have no physical meaning) while a negative 
magnetoresistance can be observed for illumination with 
current of 5  mA. For illuminations with current higher 

than 5 mA, the curves exhibit positive peaks followed by 
negative magnetoresistance as the magnetic field increases. 
In Figure 2b, we show the normalized R as a function of 
the magnetic field for different temperature values at a fixed 
illumination with current of 40 mA. The amplitude of the 
peaks increases as the temperature decreases in the region 
for B < 0.2 T while a parabolic behavior is observed for 
B > 0.4 T due to the classical orbital effect (see inset). In 
Figure 2b some curves were omitted in order to simplify 
the view.

4.	 Discussion
The electron-hole combination/recombination process 

via deep level defects is temperature dependent and its 
rate is different for conduction and valence bands under 
illumination conditions. The temperature for which R starts 
to decrease observed in Figure 1 could be related to the 
temperature dependence of the combination/recombination 
rates in the conduction/valence bands. For example, if 
the hole recombination time increases as the temperature 
decreases the hole remains longer in the valence band 
leading to an enhancement of the conductivity in that 
channel. This also implies that the ratio between electrons 
and holes is temperature dependent. In fact, n- to p-type 
transition is possible for illuminated GaAs samples17. In 
Table  1 we observe that the carriers mobility obtained 
when the sample is illuminated is about 0.119  m2/Vs at 
T = 300 K. This value is lower than the value found in the 
literature for electrons (~0.850 m2/Vs) and higher than the 
value for holes (~0.04 m2/Vs). Deriving the carriers mobility 
considering a multi-channel mechanism18, we found that 
the effective mobility decreases if the ratio p/n increases 
and a value of p/n = 102 would lead to the mobility values 
shown in Table 1. This indicates that holes are the majority 
carriers in this sample. In addition, using the parameters 

Figure  1. Electrical resistance as a function of the temperature 
for different illumination intensities. The temperature varied from 
220 K up to 315 K while the illumination intensity increases with 
current ranging from 0 mA up to 40 mA.
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given in Rubinger et al.19, we calculate the band to impurity 
recombination time (t

R
) for electrons and holes taking the 

As
Ga

 defects concentration about 1025 m–3[20]. We found that 
the recombination time for holes (th

R
) is about (5-6) × 10–9 s 

between 315 K and 220 K while for electrons (te
R
) it is about 

(5-12) × 10–12 s in the same range of temperature.The elastic 
scattering time  varies from 2.89 × 10–13 s to 9 × 10–13 s in 
the range of 315 K to 250 K. Hence, we observe that th

R
, 

t6
R
 >> t but also that th

R
 >> t6

R
. This analysis also indicates that 

the holes are the majority carriers for the band conduction 
processes in the range of temperature analyzed, i.e., the 
condition t

R
 >> t indicates that the carrier has time enough 

to diffuses through the band before recombines back to the 
impurity level.

The positive magnetoresistance observed on Figure 2a, b 
in the region of low magnetic fields (B < 0.2 T), can have 
different origins. For insulator materials, where the 
hopping conduction is the main conduction mechanism, 
the shrinkage of the electronic wave functions caused 
by the application of a magnetic field could cause such 
positive magnetoresistance21. In this case, the carrier 
becomes more localized in a certain space region, increasing 

the electrical resistance as the magnetic field increases. 
However, no positive magnetoresistance is observed under 
dark conditions according to Figure 2a where the hopping 
conduction mechanism dominates in this sample. In 
addition, the magnetic length l

B
 (~10–7 m) is always larger 

than the mean free path l that is around ~10–8 m, in the range 
220-315 K, indicating that the confinement due the magnetic 
field is negligible.

On the other hand, since the magnetoresistance 
presented in Figure 2 exists only under illumination, one can 
suggest that such effect could be caused by the influence of 
the magnetic field on the electron/hole recombination time. 
In fact, recombination can be spin-dependent and hence, 
magnetic field dependent. If the relative spins alignment is 
destroyed by a magnetic field, the recombination rate (1/t

R
) 

increases leading to an increase of the resistivity22. However, 
a spin-dependent conductivity change of only Ds/s

0
 ~ 0.1% 

has been observed at cryogenic temperatures and under the 
application of an external magnetic field in Si or Ge22,23. The 
effect of the magnetic field on spin dependent recombination 
is more pronounced if the sample is illuminated by 
circularly polarized light24. GaAsN samples illuminated 
by circularly polarized light can exhibit photo‑conductive 
variations of 40%25. However, such effect has not been 
observed in undoped GaAs samples25. In addition, only 
0.05% of the light applied on our sample was found to be 
circularly polarized which is not sufficient to cause the 
magnetoresistance profiles reported here.

The weak antilocalization effect is another physical 
phenomenon that could give rise to the positive 
magnetoresistance observed in Figure  2a,  b. Weak 
localization is a quantum effect that arises from the quantum 
interference between the electronic wave functions moving 
in the same path but in opposite directions. If the electronic 
wave functions have the same phase, the interference is 
constructive leading to a spatial localization of the electrons. 
This effect can be observed as a negative magnetoresistance 

Figure 2. a) Normalized electrical resistance R at 300 K for different illumination intensities. The peaks observed for B < 0.2 T scale with 
the light intensities which varies with the electrical current through the LED. b) Normalized electrical resistance for different temperatures 
at 40 mA through the LED. The peaks are also temperature dependent. The inset shows the curves for higher magnetic fields where the 
classical parabolic behavior of magnetoresistance can be observed.

Table 1. Temperature (T ), carrier mobility (µ), the parameter C, 
and the hole concentration p.

T(K) µ(m2/Vs) C(×10–14 m2) t

315 0.102 4.30 0.575

305 0.110 4.35 0.539

300 0.119 4.00 0.528

295 0.135 4.80 0.506

290 0.162 5.50 0.455

285 0.173 5.70 0.450

280 0.180 5.40 0.443

270 0.216 5.40 0.434

250 0.318 5.50 0.405
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(positive magnetoconductance) if an external magnetic 
field is applied to the system1. If the spin‑orbit coupling 
in not negligible as compared to other possible interaction 
mechanism, the interference is destructive and the 
localization is suppressed leading to the effect called 
weak antilocalization which can be detected as a positive 
magnetoresistance (negative magnetoconductance)1. In 
this case, experimental data can be analyzed using the 
Fukuyama-Hoshino model and the spin-orbit coupling 
strength can be obtained15.

Recently, the Fukuyama-Hoshino theory has been 
successfully applied to GaAs low temperature MBE layers 
heavily doped with Si and Be where positive and negative 
magnetoresistance was observed as in our case12. Also, 
in Jung  et  al.12, they attributed the localization effects 
observed at temperatures as high as room temperature to 
the strongly localized carriers due to the presence of deep 
level impurities. Under such circumstances the localization 
effect can be observed since the carrier mean free path is 
shorter than the phase relaxation length. The difference 
from the case presented in Jung  et  al.12 to the present 
work is that the carriers in the sample studied here are 
photo‑generated instead of excited from shallow donors 
and acceptors. According to the Fukuyama-Hoshino 
model, the contribution to the magnetoconductivity due to 
the localization effects is given by the following equation:

( )

( )

+ −

− +

Ds  +     = + − −           − γ  

− + − +
− γ

, 1 1
2 1

1 1
1

B T t tt hhF F F
A h h h

t t t t
	

(1)
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2

1
2 2

3

2

eA

C

=

π  , 3
Beh C =   
 , 4

so

i
t

t
=

t

( )2khγ = , 
( )1 1 1

2
t t± = + ± − γ

2 /soC l= t t , where l is the mean free path, t, t
i
 and 

t
so

 are the elastic, inelastic and spin-orbit scattering 
times, respectively, F(x) is Kawabata’s function and 

( )∗ ∗= ε t3 / /
8 o Fk m m g .

According to Equation 1, the model also requires that 
γ < 1. This condition is well satisfied for magnetic fields 
up to ~0.2 T. As told before, we consider that the holes 
are the majority carries in the range of 220 K to 315 K. 
Particularly, the spin-orbit interactions are expected to 
be stronger in p-type materials and, in fact, this has been 
observed over different systems10,26,27. This fact is due to the 
p-like symmetry of the states at the top of the valence7. In 
addition, the p-like symmetry of hole states ensures that they 
are weakly coupled to nuclear spins, which could provide 
long spin coherence times. For the fitting procedure, we use 
the quantities C, t and k as fitting parameters and plotted the 
experimental data presented in Figure 2b as Ds in order to 
compare with the theoretical calculations.

The fitting results are presented in Figure  3a for 
0 < B < 0.1 T at the temperatures of 270, 285, 295, 300 
and 315 K (the number of curves was reduced in order to 
clarify the visualization). Through this figure, one observes 
that the experimental curves are well described by the 
theoretical model for magnetic fields below 0.1  T. It is 
also clear that the fitting quality reduces for temperatures 
below 270  K. The values of the parameters C and t are 
presented in Table  1 together with the carriers mobility 
values which were calculated considering the classical 
behavior at high magnetic fields (DR/R

0
 ~ µ2B2, where µ is 

the mobility) while the values of k did not vary considerably 
and were kept constant (k =0.2). In Figure 3b, we plot the 
temperature dependence of the t parameter presented in 

Figure 3. a) Magnetoconductivity correction according to the theoretical model (solid lines) as a function of the temperature together with 
the experimental points for a GaAs sample with 40 mA through the GaAs LED. The temperature varied from 220 K up to 315 K. For sake of 

simplicity, some curves were omitted. b) Temperature dependence of the 
4

so

i
t

t
=

t
 parameter presented in Table 1. According to this figure, 

t decreases as temperature decreases indicating that spin-orbit coupling becomes more effective than the inelastic scattering mechanism.
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5.	 Conclusions

We have reported on magnetoresistance measurements 
performed on an illuminated semi-insulating GaAs sample 
with intrinsic deep level defects. Positive and negative 
magnetoresistances were observed for B < 0.2 T in the 
whole range of temperatures measured (220-315 K). For 
T  >  240  K we explain the positive magnetoresistance 
curves as a manifestation of the weak antilocalization 
effect which is a consequence of the spin-orbit coupling 
interaction over the hole carriers. The Fukuyama-Hoshino 
model gives a good description of the experimental 
curves according to the antilocalization theory. From 
the analysis, we estimated the value of the spin-orbit 
scattering time at room temperature and found that it is 
close to the values reported before for bulk and GaAs 
quantum wells. 
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Table 1. According to this figure, t decreases as temperature 
decreases indicating that spin-orbit coupling becomes more 
effective than the inelastic scattering mechanism. This is 
in accordance with the increasing of the positive peaks 
observed in Figure  2a,  b or the corresponding negative 
magnetoconductance observed in Figure 3a.

It is still possible to estimate the value of t
so

 rewriting 
C relation as t

so
 = Ct / l2. From the carriers mobility one can 

derive the elastic scattering time, i.e., t = m
h
m / e, where m

h
 

is the hole effective mass (~0.5 × m
0
). The mean free path 

can be calculated from l = v
F
t, where ( )1/323 /F hv p m= π  is 

the Fermi velocity. Considering a parabolic approximation, 
the values of the carriers concentration p can be derived 

substituting the Fermi energy ( ) ε = π  


2/32 23 / 2 ,F hp m  in 

the k relation above giving ( ) = t π  


3/22/32 23 2 / 8 3hp m g m k . 

Thus, for T = 315 K and using the data presented in Table 1 
we estimated t

so
 ~ 4.9 × 10–11 s.

This value agrees with the already reported results for 
Bulk GaAs samples at room temperature28 and for those 
obtained for GaAs quantum wells at low temperatures8. 
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