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Quenching phenomenon of hopping conduction in neutron-transmutation-doped
semi-insulating GaAs

M. Satoh and K. Kuriyama
College of Engineering and Research Center of Ion Beam Technology, Hosei University, It'.oganeiT, okyo I84, Japan

(Received 5 April 1989; revised manuscript received 11 May 1989)

The quenching phenomenon in tunneling-assisted hopping conduction below 125 K has been ob-
served in neutron-transmutation-doped semi-insulating GaAs irradiated with a fast-neutron
Auence of 3.7 x 10' cm . No quenchable component is observed in as-irradiated GaAs, while
the EL2 or EL2-like defects are generated by annealing above 250 C and activated as the
quenchable component in the hopping conduction. The EL2 (or EL2-like) defects are likely to
be formed by the interaction of the As antisite and a mobile defect such as the As interstitial and
divacancy (As vacancy+ Ga vacancy). According to the tunneling-assisted hopping model, the
concentration of the quenchable component generated is larger than that of the native EL2 defect
decomposed in irradiated GaAs.

Recently, Manasreh and Fischer' have reported that
the high-dose neutron irradiation decomposes completely
the atomic structure of the midgap electron trap (EL 2 de-
fect) in semi-insulating GaAs, while the EL2-like defect
is produced after annealing for 6 min at 600 C. It is well
known that the EL2 defect is transferred from normal to
metastable states by photoillumination in the range from
1.0 to 1.3 eV below a temperature ranging from 110 to
140 K (Refs. 2-4). There are two models for the atomic
components of EL2: an arsenic antisite (AsG, )-arsenic
interstitial (As; ) model proposed by von Bardeleben et
al. , and the AsG, -Ga vacancy (VG, )-As vacancy (VA, )
model proposed by Wager and Van Vechten. Other
workers besides Wager and Van Vechten have indepen-
dently proposed that the EL 2 defect consists of a divacan-
cy (VA, + VG, ) with AsG, . To survey the correlation be-
tween the EL 2 defect and the isolated Aso, defect, in-
frared absorption ' and electron-spin resonance '
(ESR) experiments have been carried out using neutron-
irradiated samples. These experiments indicated that the
neutron-induced isolated AsG, does not exhibit metasta-
bility. These results cast doubt on the identification of
EL2 with the isolated AsG, defect. We have reported"
the irregularity of the tunneling-assisted hopping conduc-
tion around 120 K under photoexcitation in neutron-
transmutation-doped (NTD) GaAs annealed at 250 and
400'C. Our observation suggests that the quenchable de-
fects exist in the neutron-irradiated GaAs.

In this Rapid Communication, we report the photo-
quenching phenomenon of the tunneling-assisted hopping
conduction induced in NTD GaAs. We also discuss the
origin of the quenchable component through the anneal-
ing behavior.

The crystals used in this study were undoped semi-
insulating GaAs (p =2 & 10 0 cm) grown by the liquid-
encapsulated Czochralski technique. The as-grown crys-
tal contains the EL2 defect of —1.2X10' cm . Neu-
tron irradiations were performed using the Kyoto Univer-
sity Reactor (KUR), which is a light-water-moderated
research reactor. Samples were irradiated with fast
(fluence equals 3.7 x 10' cm:) and thermal neutrons

(1.3X10' cm ) at fluxes of 1.4X10'3 and 4.7X10'3
cm sec ' for each neutron. The detail situation of the
neutron irradiation has been described in our previous pa-
per. ' " The annealing of irradiated samples was per-
formed by placing the two GaAs wafers in N2 flow for 30
min at a temperature ranging from 250 to 850'C. To
eliminate the decomposed layer by incongruent evapora-
tion of arsenic, a few pm of material were removed from
the surface by chemical etching after each annealing
stage. ' ' The Ohmic contacts with a gap of 1 mm were fa-
bricated by sintering Au-Ge-Ni alloy for 1 min at 480 C.
Conductance measurements were carried out at a temper-
ature ranging from 80 to 300 K in dark before and after
the illumination of the quenching light. The photo-
quenching was performed using the light-emitting diodes
(LED) with various peak wavelengths of 850 nm (photon
energy and full width at half maximum; 1.46 eV and 40
nm), 890 nm (1.39 eV and 80 nm), and 940 nm (1.32 eV
and 40 nm). The intensity of the light was 6, 10, and 12
mW for each LED.

Figure 1 shows the resistivity as a function of annealing
temperature for NTD GaAs irradiated with fast-neutron
fluences of 3.7 & 10' and ~ 10' cm, which has been
described in our previous paper. ' The resistivity of the
unannealed sample is reduced from 2X107 to 8X10s
Qcm by neutron irradiation. This reduction is based on
the tunneling-assisted hopping conduction' between de-
fect clusters involving the isolated Aso, defect. This de-
fect produced by neutron irradiation was estimated to be
3.3x10' cm by the ESR measurements at 77 K. ''
The hopping conduction observed here obeys the relation-
ship'

a oo exp( —b/ T 'I4),

where b is a constant and correlated with the defect con-
centration associated with the hopping conduction. The
hopping conduction was observed at an annealing temper-
ature up to 500 C. The drastic decrease in resistivity
around 600'C is corresponding to the annihilation of the
isolated Aso, defects. This behavior is in good agreement
with ESR measurements. ' ' The decrease in resistivity
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FIG. 1. Room-temperature resistivity as a function of anneal-
ing temperature for NTD GaAs irradiated with two diA'erent
neutron fluences: Curve A for fast-neutron fluence (@I) of
3.7x10' cm and thermal-neutron fluence (@th) of 1.3x10'
cm, and curve 8 for @f& 10' cm and @th 2.2 x 10 '

cm . The triangle represents the starting sample.
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FIG. 2. Temperature dependence of conductance for the
samples preilluminated with lights of X =940 nm (curve a), 890
nm (curve b), and 850 nm (curve c). Curve d represents the
conductance without preillumination. Samples presented here
were annealed at 250'C for 30 min.

around 400'C is associated with the activation of the
NTD impurities. The activated impurities provide the
electrons to the defect levels originating the hopping con-
duction because in the irradiation with a small amount of
fast neutrons the transmuted impurities start to activate
around 300'C (see Fig. 1). Consequently the hopping
conduction is enhanced by the increase in electron density
in defect levels.

Figure 2 shows the temperature dependence of conduc-
tance for NTD samples preilluminated with lights of

850, 890, and 940 nm for 20 min. The samples used
here were annealed at 250'C for 30 min. The conduc-
tance without preillumination shows obviously the hop-
ping conduction, while the preillumination with lights of

890 and 940 nm for 20 min induces the abrupt change
in conductance at 125 K and the hopping conduction
remains below 125 K. This behavior suggests that a part
of the defects associated with the hopping conduction are
quenched by preillumination. Furthermore, for the preil-
lumination with a light of 1.46 eV (850 nm) for 20 min,
the noticeable photoquenching of the conductance was ob-
served. This photon energy is less than the band gap
(—1.51 eV at 85 K) at a temperature during the il-
lumination. The variation of quenching behavior for vari-
ous wavelengths suggests that the origin of the quenchable
component exists in the forbidden band. The slight devia-
tion from exp( b/T ' ) above —-200 K must be origi-
nating from the electrons in the conduction band excited
thermally from the defect levels associated with the hop-
ping conduction.

Using slope b of the conductance curve in Fig. 2, we es-
timated the defect concentration (NHc) associated with
the hopping conduction. A constant b in Eq. (1) is corre-

lated with NHC as follows: ' '
b-W(aR) "(W/k) '" (2a)

NHc R x 3/(4~), (2b)

where A is a constant, 2.95, a ' is the tunneling length
[a (2rrl Eg/2) ' /llI j, 6'is the width of the defect levels,
R is the distance between the hopping sites, and the other
terms have the usual meaning. Wis estimated to be 0.083
eV from Arrehenius plot of the conductance without preil-
lumination. For the preillumination with a light of

940 nm for 20 min, the slopes of quenched and
recovered conductances were estimated to be 85 and 76,
respectively. These slopes coincide with those of the il-
lumination with other wavelengths within the experimen-
tal errors. These values give the defect concentration of
9.6x 10' and 1.4x 10' - cm for quenching and
recovery, respectively. This indicates that the concentra-
tion of the quenchable defects is 4.4 x 10' cm

We discuss the origin of the quenchable component ob-
served in the hopping conduction. The EL2 and isolated
AsG, defects have been known as the defects with the me-
tastability induced by photoillumination. The recent ESR
measurements ' indicate that the isolated AsG, defect
introduced by neutron irradiation does not show the pho-
toquenching phenomenon, while the native AsG, defect in
as-grown crystal has been identified as the quenchable
component. The concentration of the native AsG, defect is
less than 2x10' cm in our ESR measurements at 77
K." Therefore, the native AsG, defects are not identified
as a main origin for the quenching of the hopping conduc-
tion, since the quenchable defect is 4.4x10' cm, as
discussed earlier.
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A possible alternative origin is the EL2 defects. How-
ever, the quenchable component is not observed in as-
irradiated NTD GaAs (see Fig. 3). This result supports
the suggestion ' that the high-dose neutron irradiation
decomposes completely the atomic structure of the EL2
defect. Figure 3 shows the conductances recorded by
preillu min ation with a light of 1, 940 nm for as-
irradiated and annealed samples. The sample annealed at
450'C as well as annealing at 250'C shows clearly the
quenching behavior with an irregularity around 125 K.
Therefore, the appearance of the quenchable component
may originate from the formation of the EL 2 (or EL2-
like) defects due to the interaction of.Aso, and any point
defect such as VG, and As; induced by neutron irradia-
tion. The artificially induced isolated AsG, defect cannot
be annihilated by annealing below 550'C. " The Ga va-
cancy presumably included in the defect cluster is an-
nealed out at around 450'C, ' ' and Goltzene, Meyer,
and Schwab' have proposed the AsG, -divacancy model.
The divacancies consisting of Vo, and VA, may be more
mobile than single Ga vacancies in GaAs crystal because
they can migrate by single-atom nearest-neighbor hopping
through the divacancy cavity; they can thereby avoid both
hopping the second-nearest-neighbor distance and the
necessity to make several antisite defects. Another mobile
defect at 250'C is identified with As;. ' Therefore, the
EL2 (or EL2-like) defects are likely to be generated by
the interaction between the isolated Aso, and either As; or
divacancy through the annealing process. We cannot
evaluate whether or not the thermally created EL 2 defect
is identical with the native EL2 defect at present. The
EL2-like defect mentioned above may be correlated with
the "DL2" defect proposed by Manasreh and Fischer, '

but DL2 defect is generated by annealing for 6 min at
600 C.

In conclusion, we found the quenching phenomenon of
the tunneling-assisted-hopping conduction in neutron-
irradiated GaAs annealed above 250'C, while this
phenomenon was not observed for the as-irradiated sam-
ple. It was suggested that the EL 2 (or EL 2-like) defect is
generated by the interaction of the isolated Aso, defect
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FIG. 3. Temperature dependence of conductances for (curve
a) as-irradiation and (curve b) annealing at 450'C for 30 min
before and after illumination with a light of k 940 nm for 20
min. See Fig. 2 for annealing at 250 C. The annealed sample
shows the decrease in conductance below 125 K, indicating the
photoquenching.
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and the mobile defect such as As; and divacancy (VA,
+VG,. ) at annealing temperatures above 250'C. We can-
not confirm whether As; is more mobile than divacancy at
lower temperature at present. However, we believe that
our observation provides a new approach for the atomic
model of EL 2.
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