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Abstract

®

CrossMark

The effect of 2 MeV electron bombardment up to total electron dose of 1 x 10"cm =2 on the
electrical and piezo resistive properties of n- and p-type GaSb crystals was studied. The electron
irradiation leads to saturation of the hole concentration at about 5 x 10'8cm =3 as a result of
Fermi level pinning near the valence band top in all irradiated samples. With this in mind, the
calculated data on the energy position of the charge neutrality level in GaSb were analyzed. The
pressure coefficient of resistivity ., = 9(Inp)/OP was measured as a function of Fermi level
position in the electron irradiated samples. Isochronal annealing of radiation-induced defects

was investigated in the temperature range of 20—400 °C.
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1. Introduction

Gallium antimonide (GaSb) with a band-gap of 0.73 eV
at room temperature (RT) is a suitable material for the
manufacture of pressure sensors, infrared detectors, tun-
nel diodes, broken-gap tunnel field-effect InSb/GaSb tran-
sistors, etc. The basic properties of GaSb and the para-
meters of devices based on it are presented in a number
of overviews [1-3]. The problem with this semiconductor
is its stable p-type (p =5 x 10'> — 10"7¢em=3) conductivity,
regardless of material growing conditions, which represents
a major obstacle for practical use of this semiconductor. This
feature attributes to the presence in the as-grown crystals of
the acceptor-type intrinsic defects, such as Ga vacancies and
Gag, antisites, in accordance with theoretical calculations and
positron annihilation spectroscopy (PAS) measurements [4—
9]. In addition to the equilibrium defects, a semiconductor can
be over saturated with intrinsic defects as a result of the irra-
diation with high-energy particles—electrons, ions or fast neut-
rons. These radiation-induced defects (RIDs) play a signific-
ant role in the heavily damaged semiconductor determining its
electrical properties.
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In the presented work, the change in the electrical proper-
ties was investigated in the bulk GaSb crystals after a high-
dose of 2 MeV electron irradiation. One of the main goals of
this work was to find out the exact Fermi level limit (Fyjy, ) pos-
ition in the irradiated GaSb. This is important since the Fiiy,—
value is identical to the charge neutrality level (CNL) position
in the energy spectrum of a semiconductor [10]. In turn, the
CNL is a universal parameter of the semiconductor the role of
which remains a topic of many studies up to date. This level
determines not only the electronic properties of the defective
crystal, but also the electronic properties of the semiconductor
surface and to a large extent the energy diagrams of interfacial
stuctures. It is precise with the CNL position in the lower half
of the GaSb band-gap associates the stable p-type conductiv-
ity of this semiconductor [11]. Some studies have been carried
out on the electrical properties of the irradiated GaSb crystals
earlier, but practically no relevant studies of heavily irradiated
material. And although there are a number of experimental
studies of the energy spectra of RIDs in GaSb [12, 13], these
data to date, are fragmentary, which does not allow to analyze
numerically the dose dependencies of the electronic properties
of the irradiated samples. Typically, the p-type conductivity of

© 2020 IOP Publishing Ltd  Printed in the UK
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the as-grown GaSb is associated with the presence of an anti-
site defect Gag;, with a level near Ev+0.03 eV [6]. The antis-
ites are also typical representatives of RIDs in irradiated semi-
conductors of III-V group, for example, Asg, in GaAs, Pg,
in GaP, etc But irradiated semiconductors have usually fairly
rich spectra, therefore, most likely, the pinning of the Fermi
level near VBT in irradiated GaSb is determined by the full
spectrum of the RIDs.

In current work the effect of the external hydrostatic pres-
sure on the electrical properties in the irradiated samples was
examined too. The radiation defects in GaSb under hydrostatic
compression have not been studied earlier, despite the unique
character of its conduction band structure. These measure-
ments are a particular interest, since being formally a direct-
gap semiconductor the GaSb exhibits the properties of an
indirect-gap material upon the external hydrostatic pressure
due to the energy proximity of the I'g c— and Lg ¢ —sub-bands
of the conduction band under the normal conditions.

2. Experimental details

The starting materials were the Te—doped n-type
(ng = 1.56 x 10"7em=3;n9 = 2.6 x 107cm™=3), undoped
ptype  (po=191x107cm™3) and Zn—  doped

(po = 3.3 x 10"7cm™3) Czochralski’s crystals. The as-grown
n-type crystals were highly compensated and showed a p-
type conductivity at nitrogen temperatures. Electrical meas-
urements were carried out using Van der Pauw configura-
tion of ohmic contacts. Pure metallic indium was used to
contact both n- and p-type materials, which melted at tem-
peratures of 350-370 °C. Prior to metallization and meas-
urements, the native oxide layer was removed by etching
in HF : HNOs : HO =1:1: 10 followed by washing in DI
water. The samples with the thickness of 0.6 mm were irradi-
ated with electrons (E = 2 MeV, j = (1-10) pA/cm?) to a total
dose of 1 x 10'°cm~2 using the linear accelerator. In order
to avoid irradiation—induced heating the samples during the
electron bombardment were kept at liquid-nitrogen temper-
ature. After irradiation the samples were heated up to RT.
Isochronal annealing (A ¢ = 10 min.) of irradiated samples
was carried out in organosilicon oil in the temperature range
up to 300 °C and in a vacuum at temperatures of 300—400 °C.
The effect of hydrostatic pressure on the resistivity of ini-
tial and electron irradiated samples was measured at RT in
the beryllium-copper chamber with silicon oil as a pressure
transfer fluid using a calibrated manganin coil enclosed in the
bomb.

3. Results and discussion

3.1. Electrical properties

The electrical properties of both initial n- and p-type conduct-
ivity samples are changed after the electron bombardment,
but more efficiently in the n-type conductivity samples. The
dose dependencies of Hall constant (Ry), conductivity (o) and
mobility (g = |Ry| X o) for initial n- and p-type conductivity
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Figure 1. (a) Ry (1), o (2) and py (3) of initial n-GaSb:Te

(no = 1.56 x 10"7cm™2) vs 2 MeV electrons fluence (RT), (b) Ry
(1), o (2) and pg (3) of initial un-doped p-GaSb

(po =1.91 x 10"7¢em™3) vs 2 MeV electrons fluence (RT).

samples, as the result of electron irradiation, are summarized
in figures 1(a) and (b) respectively.

The presented data indicate on the n-type activity com-
pensation and on the n- to p-type conductivity conversion
in initial n-GaSb samples with an increase of the total elec-
tron dose. At the same time, the density of the holes in low
doped p-GaSb samples increases after the electron bombard-
ment. Upon the high doses of electron irradiation, all studied
samples obtained a p-type conductivity with a hole concentra-
tion at about of 5 x 10'8¢m =3 that corresponds to the Fermi
level position near the valence band top (VBT), at about Ey +
0.03 eV. These results close to the previous studies of the pro-
ton and neutron-irradiated GaSb samples [14, 15]. At the same
time in the initial heavily doped p™-GaSb:Zn (py = 1.29 x
10"cm=3) samples the concentration of the holes decreases
after the proton irradiation which indicates the introduction
of the donor-type defects [14]. Thus, the Fermi level upon
the irradiation moves into the lower half of the GaSb band-
gap and then pinned near the VBT as the result of the self-
compensation when the concentration of the charged acceptor-
type and donor-type RIDs are close to each other. This p-type
conductivity of irradiated GaSb is similar to other irradiated
III-Sb family semiconductors [10]. The reason of this is an
extremely large of valence bands spin—orbit splitting energies
in these semiconductors — 0.81 eV (InSb), 0.76 eV (GaSb)
and 0.68 eV (AISb), which leads to a shift of the valence band
top in the direction of the CNL by approximately by about of
(1/3)Aso.

3.2. Charge neutrality level

To date, a number of the numerical calculations of CNL value
in GaSb have been performed using various analytical models
and calculation methods table 1.

The CNL level in these calculations was interpreted as the
mid-gap energy averaged at the I', X and L special points of the
Brillouin zone (BZ) and energy of the model amphoteric deep
local state [10], Tersoft’s branch-point energy (Egp)[16], aver-
age sp>-hybrid energy of f.c.c crystal [17], mid-point energy
of dielectric gap [18], reference level of the natural bands
alignment in the model-solid [19], Egp — point calculated
using the ETB-method [20], Tersoff’s Ezp — point recalcu-
lated using the EMP method [21], reference level from the
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Table 1. The calculation data of the CNL position in GaSb with respect to the VBT (eV) from [10, 16-23].

(16]
0.07

References
ICNL

(10]
0.00; 0.14

[17]
0.14

(18]
0.06

(19]
—0.28

(20]
0.16

(21]
0.05

(22]
—0.07

(23]
0.24

valence bands offsets calculations between of III-V semicon-
ductors [22], energy position of the most localized (deepest)
model gap state [23]. The calculated data largely depends
on the model used and the accuracy of the calculation of
the semiconductor energy spectrum. Moreover, these calcu-
lations are complicated by high spin—orbit splitting energies
of the valence band (Ago =0.76 eV) and p — d coupling in
this compound. The results of calculations are listed in the
table 1 show a significant scatter of the CNL — values. But
these predicted data and their reliability were not sufficiently
confirmed by the corresponding experimental measurements.
Meantime, the measurement of heavily irradiated semicon-
ductor gives a direct method to obtain the ‘experimental’ CNL
— value as the Fji, — position in the energy spectrum of the
crystal, since the pinning of the Fermi level is a common phe-
nomenon in irradiated semiconductors [10]. So, using CNL =
E,+0.03 eV gives CNL* = E, — CNL + EA = 4.76 eV (RT)
in GaSb for electron affinity EA = 4.06 eV, that is close to
the work function of GaSb at about 4.76 £+ 0.05 eV [24].
The CNL** — value also is close to the first ionization poten-
tial, while the CNL to the surface Fermi level position of
GaSb [25].

3.3. Hydrostatic pressure measurements of irradiated GaSb

Hydrostatic pressure is used to divide the so-called shal-
low and deep local states in the semiconductors. The RIDs
(dangling-bond-type defects) exhibit the properties of the deep
states since they arise from the extended states of large density
of the conduction and valence bands of the crystal. Moreover,
for f.c.c. of III-V group semiconductors, the lateral valleys Lg ¢
and X ¢ make the main contribution to the formation of these
states. Therefore, the binding energies E; of these states are
pressure sensitive and for low of the external uniform com-
pression P, we can write E;(P) =~ E;(P = 0) £ ~;P.

Here the pressure coefficients ; = OF;/OP of deep levels
contain the information about the energy bands of the crys-
tal, which are involved in the formation of these deep states.
To obtain a y—coefficient, we measured the pressure coef-
ficient of resistivity a, = d(Inp)/OP as a function of the
Fermi level position in the band-gap of the electron irra-
diated GaSb (figure 2(a)). As shown the a/—coefficient
of initial n- GaSb samples under the electron irradiation
increases to the ultimate value of 3.2 x 10~*bar~! at an
external hydrostatic pressure P =15 kbar. Then, after the n-
type to p-type conductivity conversion as a result of elec-
tron irradiation, the a,—value decreases to 5 x 10~ %bar—1,
which is close to the corresponding data in the p-type con-
ductivity samples before and after of electron bombard-
ment. These data indicate that RID levels are almost ‘tied
up’ to VBT in GaSb when external hydrostatic pressure is
applied.

Taking into account this ‘rule of the RID levels pinning’ rel-
ative to VBT we can write the expression for a,—coefficient
in the n-GaSb samples as

o, = d(Inp)/OP = —ep (Z wiOn;/OP + Zn,@,u,-/@P) .
1 1 (1)

In estimating the a/,—value we neglected the contribution
of the dimensional term since it is small at low pressure. The
subscript ‘7’ in equation (1) denotes the three sub-bands of the
GaSb conduction band, which are centered at the I'g c-, Lg c-
and Xg c—symmetry points with separation of 0.084 eV (Lg ¢)
and 0.31 eV (X ) relative to the I'g ¢c-point at the normal
conditions. The intersection of these bands under the hydro-
static compression occurs at pressures of about 10 kbar for
I'¢ ¢ — L¢ ¢, 20 kbar for I'g ¢ — X ¢ and more than 30 kbar for
L¢ ¢ — X6 c- The first term in equation (1) describes the change
in the electrical resistance of the material due to the redistri-
bution of free electrons between the I'g ¢, Lg ¢ and Xg ¢ sub-
bands under the external hydrostatic compression. The second
term in equation (1), takes into account the change in elec-
tron mobility at the external hydrostatic pressure, insignific-
ant compared with the first term [26]. In numerical calcula-
tions, we neglect by X¢ ¢ — sub-band, which practically does
not affect the electronic properties of lightly doped n-GaSb
samples. Therefore, we can write the next relation for the pres-
sure coefficient of resistivity in the n-type samples

OéZ%Oé()/(l+n]/n0b)+0é]/(1+n()b/n]). )

Here, the subscripts ‘0’ and ‘1’ are denote the para-
meters of I'¢ c—and Lg c—sub-bands respectively; while
a1y = —9(Inog(1))/OP = o1y /kT — O(lnng1)) /OP —
O(Inpg(1y)/OP; o1y = eng(1)y o1y, no(ny) is the free electron
densities in I'¢ c—and L c—sub-bands respectively; i) is
a corresponding electron mobility and b = pio/ 1. Neglecting
the change in the values of py compared with a change in
the density of the free electrons upon the hydrostatic pres-
sure, we can write an approximate expression for estimating
of a/,—value as

, 1
oy~ d(Inp,) /OP ~ T

bxX~v+cx mexp(—AEm (P)/kT)
b+ ¢ x exp(—AEy (P)/kT)

3

When estimating of the experimental data, the pressure coeffi-
cients of the inter-band transitions vo = 9(I's v — I'¢ ¢) /OP =
14.2 meV/kbar and vy = 0(T's v — Lg ¢)/OP = 5.4 meV /kbar
in GaSb were used [27]. Taking AEy = T'ec—Loc) =
0.084 eV, b= o/ ~ 8 and ¢ = Ny /Ny = 50—the ratio of
the density of states in the I'¢ c—and L¢ ¢ — sub-bands for
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Figure 2. (a) The dependences of v;,—and a,—coefficients at P = 5 kbar vs the Fermi level position in electron irradiated n-type
(1—np=1.56x107cm™3,2 —ny = 2.6 x 107em™3) and p — type (3 — po = 3.3 x 10" cm™?) GaSb samples (RT), (b) the ultimate
values of /- coefficients vs the hydrostatic pressure in initial n-GaSb (ng = 1.56 x 1017cm’3) before (1) and after (2) electron irradiation

up D =1.6x10"em™2.

(a)

‘o ;
& 0~
E ,E
A 10 ©
= a
&= 10" >
o =
B 10° 5
5 2
~ 10—3 o
e &)
x

100 200 300
Annealing temperature (°C)

(b)

14F ; ; ; .
= q2f RT ]
5 I
+ 10+ J
<)
z 8 1
=
5 T st
2 4 1
jel
O 5 78K i

100 200 300
Annealing temperature (°C)

Figure 3. (a) Isochronal (10 min) annealing curves of Ry (1), o (2) and iy (3) at RT and Ry(4) at 78 K in electron irradiated
(D=1x 1018cm*2) n-GaSb (np = 1.56 x 107 em ™3 ) samples, (b) isochronal (10 min) annealing curves of o (RT) and o (78 K) in electron
irradiated (D = 1 x 10'8¢m™2) p-GaSb (po = 3.3 x 10"7cm ™) samples.

mo = 0.041 m; and m; = 0.57 m},where m} is the mass of
a free electron, we can estimate the ultimate value of o/; ~
3.4 x 10~*bar~! (P = 5 kbar) in irradiated n-GaSb samples,
which corresponds to v = 8.9 meV/kbar. So, both estimated
ultimate values of &) and ~ are quite close to the experi-
mental data in figure 2(a), taking into account the approxim-
ations made. Thus, within the accuracy of the experimental
measurements, the RID levels practically don’t change their
energy positions relative to VBT in GaSb at the external hydro-
static pressure. This asymmetry of pressure coefficients for the
RID levels in GaSb is due to the small ‘absolute’ deformation
potential of VBT in comparison with the ‘absolute’ deform-
ation potential of the conduction band bottom (CBB) in this
semiconductor.

Figure 2(b) presents the dose dependencies of ultimate
aj,—pressure coefficients in the initial and electron-irradiated
n-GaSb samples as a function of external hydrostatic pressure.

In the initial samples, the pressure coefficient decreases with
increasing hydrostatic pressure due to the (000) and (111) val-
leys approaching each other and it tends to zero when all the
electrons are completely transferred to the (111) valley. At the
same time, the irradiated samples retain significant sensitiv-
ity to comprehensive compression over the entire investigated
pressure range.

Thus, electron bombardment demonstrates the universal
trend, namely, increasing of n-GaSb crystals resistivity, when
applying an external compression, with corresponding low
sensitivity of irradiated p-GaSb material. This significant
improvement in the pressure sensitivity of n-GaSb crystals can
be used in the design of hydrostatic compression sensors. At
the same time, in contrast to the pressure sensors on the mater-
ial doped with deep chemical impurities Fe, Co, Ni and so on,
the irradiation is a well-controlled manufacturing process for
such sensors.
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3.4. Post-irradiation isochronal annealing

Isochronal annealing of irradiated samples was fulfilled up to
400 °C, since at higher temperatures of the thermal treatment
the electronic properties of original samples are changing too
[28, 29]. The isochronal curves of Ry, o and iy =| Ry | X0 in
the heavily irradiated initial n- and p-type samples are presen-
ted in figures 3(a) and (b).

These data show a ‘reverse’ transition from p-type con-
ductivity in the heavily irradiated samples to its initial n-type
conductivity state upon the heating at the temperatures higher
than 250 °C. Wherein, at 400°C the Ry is almost restored
to its initial value, while, at the same time, the electron con-
ductivity is restored partially. From figure 3(a) it is visible
that Ry (78 K) too almost completely restored out at 400°C
(before irradiation the initial n-GaSb (RT) samples had a p-
type (p ~ 10"cm™3) conductivity near 78 K). Isochronous
annealing curve Ry (78 K) demonstrates an annealing of
donor-type defects in the temperature range of 100-200 °C.
In the heavily irradiated initial p-GaSb samples the Ry value
is practically restored at 400 °C too, while the conductiv-
ity is partially only. Annealing curves of o (RT) demon-
strate the annealing of acceptor-type defects at temperatures
of 100-180 °C and donor-types at 180-250 °C and above
300 °C, while o (78 K)—curves indicate the annealing of
donor-type defects at temperatures of 100-230 °C and above
300 °C. Thus, in heavily electron-irradiated GaSb samples
after the thermal heating up to 400 °C there are the resid-
ual RIDs. It is possible that these defects in the partially
annealed out samples are the secondary defects which are
formed upon an irradiation or post-irradiation annealing due
to migration of the primary point defects. For example, the
bombardment of GaSb with 2 MeV electrons near liquid-
nitrogen temperature leads to the formation of the dislocation
loops of interstitial-type as a result of the interstitial atoms fast
migration [30].

4. Summary

The initial n- and p-type conductivity crystals of GaSb
after electron, proton or neutron irradiation acquire a non-
degenerated p-type conductivity with a Fermi level pinning
position almost near VBT. The p-type conductivity is char-
acteristic to all of III-Sb irradiated semiconductors as a res-
ult of significant spin—orbit splitting energies of their valence
bands, which leads to a decrease in the energy gap between
CNL level and valence band top in these semiconductors. It
should be noted that surface layers of the GaSb with various
types of its bulk conductivity have the p-type conductivity too,
i.e. in highly irradiated samples the model of the flat zones
(zero surface potential) is realized. When the external hydro-
static pressure is applied, the RID’s levels in GaSb shift down
from the conduction band bottom, while at the same time, ones
are quite fixed relative to the valence band top as the result of
the strong asymmetry of absolute deformation potentials of the
VBT and CBB in this semiconductor.
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