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Abstract

This study investigates the impact of gamma radiation on the electrical properties of
InAs/InGaAs quantum dots based laser structures grown on both GaAs (Sample A) and Si
(Sample B) substrates using molecular beam epitaxy. The research explores the electrical
characteristics of the lasers before and after being exposed to gamma radiation employing
Current - Voltage (I-V), Capacitance - Voltage (C-V), Deep Level Transient Spectroscopy
(DLTS) and Laplace DLTS techniques. The results show that the electrical properties of the
lasers change due to gamma radiation exposure, and the extent of the change depends on the
substrate used for growth. The [-V results revealed that the ideality factor (n) and built-in
voltage were increased in Sample A and Sample B after radiation. Nonetheless, the series
resistance (Rs) at room temperature decreased in both samples after radiation. Overall, this
study provides valuable insights into the effects of gamma radiation on the electrical properties
of InAs/InGaAs quantum dots lasers and highlights the importance of considering substrate

materials in the design of radiation-hardened electronic devices.
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1 Introduction DOI: 10.1039/D3CP03865C

Within the field of QDs systems the area of InAs QDs has attracted much research activity,
which is due to the possibility of achieving light emission covering the optical communication
wavelength bands [1]-[3]. The study of the electrical properties of any semiconductor materials
is important in order to understand the possibility of using them in different electronic and
optoelectronic applications. Electrical properties of PN junctions and Schottky diodes are
affected by a multitude of factors. These include interface chemistry, processing methodology,
the existence of native defects referred to as interface states and doping concentration of the
semiconductor [4]. In addition, modifying the atomic configuration and inducing other defects
into the lattice has been found to take place through exposure of semiconductor materials to
radiation, which consequently changes their electrical and optical properties [4], [5]. It is
therefore important to investigate the effect of radiation on the performance of semiconductor-
based devices such as Schottky diodes, solar cells, lasers, heterostructures and metal-
insulator/oxide-semiconductors due to the fact that they are used in satellites. A significant
number of lattice defects are produced in semiconductors as a result of radiation in space, which
reduce the devices’ performance [6], [7]. Moreover, the study of the defects induced by
radiation led to better devices used in space which are more radiation-resistant.

To investigate the effect of electron irradiation and proton hydrogenation on the
electrical properties of GaAsN devices grown by Chemical Beam Epitaxy (CBE) on the main
nitrogen-related nonradiative recombination center E1 which has activation energy of 0.33 eV
below the bottom edge of the conduction band, B. Bouzazi et al. [8] employed Deep Level
Transient Spectroscopy (DLTS) technique. Their study proposed that the origin of this defect
is related to the compensation of the tensile strain in the film produced by the small atomic size
of N atom compared to that of As. In addition, the density of E1 increased with increasing the

fluency doses of electron irradiation [8].
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Furthermore, the effect of gamma irradiation on the electron traps present in as-grown Jidids; aoec
encapsulated Czochralski GaAs was described by T. Hashizume and H. Hasegawa [5]. They
discovered that following irradiation, the concentration of EL6 (0.35 eV) trap was reduced by
a factor of 3-5, whereas the density of EL3 (0.56 eV) increased by a factor of one order of
magnitude [5], [9].

The effect of gamma irradiation on dilute GaAsN layers with different nitrogen
concentrations ranging from 0.2 to 1.2% grown on n+ GaAs substrates by Molecular Beam
Epitaxy (MBE) was investigated by N. Al Saqri et al. [10] by using DLTS and Laplace DLTS
(LDLTS) techniques. According to their study, the number of traps either decreased, remained
the same or new traps were created after irradiation depending on the nitrogen content.

This paper presents an experimental investigation on the effect of gamma irradiation on
InAs/InGaAs QD lasers grown on GaAs and Si substrates using Current - Voltage (I-V),
Capacitance - Voltage (C-V), Deep Level Transient Spectroscopy (DLTS) and Laplace DLTS
measurements techniques. The experimental results showed that gamma irradiation improves
the electrical properties of the devices, due the reduction of the concentration of the defects

and/or their transformation.

Published on 25 November 2023. Downloaded by University of Nottingham on 12/10/2023 7:46:59 PM.

2 Sample details

In this work, the samples investigated are p-i-n laser diodes with InAs self-assembled quantum
dots (QDs) incorporated in the i-region. The samples were fabricated using the same technique
as reported in reference [11], [12]. In summary, the InAs QDs laser are deposited on (100) n-
type GaAs (Sample A: control sample) and (100) n-type Si substrates (Sample B). The Sample
A consists of the following layers: a 50 nm n-GaAs buffer, a thin film of 1500 nm n-
Aly 4,Gag sgAs covering layer, a 108 nm undoped GaAs spacer layer, 4 % [2.5 monolayers (MLs)

InAs QDs/10 nm Ing ;5Gag gsAs (strain reducing layer, SRL)/40 nm GaAs/10 nm Ing 15Gag gsAs
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(SRL)], a 64 nm undoped GaAs spacer layer, a 1500 nm p-Alj 4,Gag ssAs cladding layer, dfidhas; oo
thin film of 300 nm p-GaAs. The InAs QDs was deposited at a temperature of 500 °C and a
growth rate of 0.03 monolayer ML/s. Before the growth of the 6 nm of Inj;5GaggsAs SRL
followed by 10 nm thick of GaAs layers, a short deposition interruption under As2 flux was
introduced. Subsequently, the growth temperature was increased to 570 °C to deposit the
remaining GaAs cap layer. The covering, contacts, and spacers’ layers were deposited at 570

°C.

The layers of sample B, grown on n-type Si substrate, were grown utilizing the same
technique and growth conditions as used for sample A except for the buffer layer which is
designed and utilized to reduce the defects produced from the lattice mismatch between Si and
GaAs substrates. Finally, the Ohmic contacts were obtained by thermal evaporation of 99.99%
Au on the p+ GaAs films with the area of 2.83 x 10-3 cm? for Sample A: as-grown, Sample A:
irradiated and Sample B: as-grown; and area of 5.02 x 10-3 cm? for Sample B: irradiated. The
-V measurements were performed utilizing current—voltage (I-V) source-meter unit (model
Keithley 236) and a closed-loop helium cryostat model CCS-450 (Janis Research Company).
The capacitance—voltage (C-V) measurements were done employing an LCR meter (Agilent
E4980A). Finally, the temperature-dependent DLTS and LDLTS measurements have been
carried out on all the samples using a temperature controller (Lake Shore 331), capacitance
meter (Boonton 7200) and a pulse generator (Agilent 33220A). To investigate the impact of
radiation on the InAs QDs laser structures grown on n-type GaAs and Si substrates, the samples
were irradiated with a gamma cell Cobalt Irradiator (dose rate of 5.143 kGys/hour) at a high

dose of 50 kGy.
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3 Results and discussion DOI: 10.1039/D3CP03865C

3.1 Current-Voltage (I-V) measurements

In order to investigate the effect of gamma irradiation on the electrical properties of
InAs/InGaAs QDs laser structures grown on GaAs (Sample A) and Si (Sample B) substrates,
[-V measurements at different temperatures were performed. Figure 1(a) and Figure 2(a)
illustrate the current—voltage (I-V) characteristics at room temperature of Sample A and
Sample B, respectively, before and after irradiation. However, due to the different areas of the
samples and for comparison purposes, the current density (J) versus reverse bias is plotted for

both samples as shown in Figure 1(b) and Figure 2(b).

As shown in Figure 1(b), the J-V characteristics of Sample A improved after irradiation.
The reverse current of the irradiated Sample A is lower than that of the as-grown Sample A.
On the other hand, since the contact areas of as-grown Sample B (effective diode area A =2.83
x 107 cm?) and irradiated (4 = 5.02 x 10~ ¢m?) are different, the current density (J) is plotted
in Figure 2 instead of current (I). As clearly seen in Figure 2, Sample B grown on Si substrates

also exhibited lower reverse currents after irradiation. However, the decrease in reverse current

Published on 25 November 2023. Downloaded by University of Nottingham on 12/10/2023 7:46:59 PM.

density after irradiation is larger for Sample A. For example, at Vg = -1V, the current density
in Sample A decreased from 1.04 x 10-3 A to 8.04 x 10-°A after irradiation, while at the same
reverse voltage, the current density of Sample B decreased from 1.28 x 104 Acm™2 to 1.57 x
103 Acm2. This decrease in reverse current after irradiation in both Sample A and Sample B
may indicate that the density of the defects in as-grown samples decreased and/or the number
of defects changed by annihilation or generation. In addition, the deep level defects can act as
generation recombination centers and most likely they will play a role in carrier recombination

in the reverse current characteristics [13], [14].
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In order to study the electrical parameters of the diodes such as ideality factor, (7). Biilt=s a0

in potential (V};), and series resistance (R;), the thermionic emission equation [15] was used,

which is represented by:

3 q(V —JRs ) .
] - ]S exp nkT - ( )
where J; is saturation current density and is expressed by:
_ g —qVpi )
]5 - exp kT ( )

In the above equations, q is the electronic charge, V is the applied voltage, T is the
absolute temperature in Kelvin, kp is the Boltzmann constant, A** is the effective Richardson’s
constant for a semiconductor material and A is the diode area.

The enhanced Werner's approach was used to increase the precision of the characteristic
parameters (n, Vy;, and Rs) of the devices [16]. The values of n, V3;, and R over the temperature
160 - 420 K were obtained. The J-V characteristics for all samples were analysed further to
understand their properties by calculating the local ideality factor, n(V), using the following

approximation equation [17], [18].

_dwy
V=Gl

n( )

where V, is the thermal voltage, which is given by V, = kzT/q.

The local ideality factors for all samples are calculated at room temperature and their
values change with voltage as shown in Figure 3. As can be seen from Figure 3, for each device
there are two noticeable behaviours observed at low voltage (~0.08 V) and high voltage (0.3
V) regions. In particular, at high voltages Sample A exhibit a clear peak before and after

irradiation. In addition, irradiated Sample A shows a pronounced peak at low voltages.
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However, for Sample B these peaks are less significant at low voltages and absent, at, High: anec
voltages for both as-grown and irradiated devices. This behaviour of the local ideality factor
could indicate that there are different conduction mechanisms occurring in the investigated
devices [17], [18]. Moreover, in all samples the values of the ideality factor (n) are greater than
unity for voltages greater than ~0.05 V, indicating carrier recombination mechanisms such as
band-to-band radiative recombination, Shockley-Read-Hall recombination (also called trap-
assisted recombination) through defects, and defect-assisted tunnelling or surface
recombination [19], [20]. These processes could possibly explain the large ideality factors
observed in these samples which incorporate QDs in the intrinsic region and which create an
additional current component that contributes to the total current of the devices. It is worth
pointing out that Sample B (as-grown and irradiated) has a different trend at high voltage ranges
(i.e., no peak is observed) which suggests that some mechanisms are presumably suppressed
or enhanced by growing on Si substrates, and some of the mechanisms are possibly unique to

the devices grown on Si.

Table 1 summarises the electrical parameters of the diodes at room temperature. As-

Published on 25 November 2023. Downloaded by University of Nottingham on 12/10/2023 7:46:59 PM.

grown Sample A has a lower ideality factor (n = 1.54), a slightly lower built-in potential energy
(Vpi = 0.63 eV) and a higher series resistance (Rg = ~221 kQ) when compared to irradiated
Sample A (n = 1.86; V};,; = 0.74 eV; Ry = ~20 1073 kQ). Likewise, as-grown Sample B has a
slightly lower value of ideality factor (n = 1.70), lower built-in potential energy (V;= 0.63 eV)
and slightly larger series resistance (Rs=~2.31 x 10-3kQ) when compared to irradiated Sample
B (n=1.73; V3= 0.67 eV; Rg = ~3.5 x 104kQ). At room temperature, both as-grown samples
have ideality factors close to unity, whereas a deviation of » from unity can indicate that the

conduction mechanism can be dominated by diffusion mechanism (thermionic emission) and


https://doi.org/10.1039/d3cp03865c

Published on 25 November 2023. Downloaded by University of Nottingham on 12/10/2023 7:46:59 PM.

Physical Chemistry Chemical Physics

other factors such as series resistance, interface states, generation-recombination meghanis
[21]-[24].

Figures 4, 5 and 6 show the behaviours of built-in potential energy (V};), series
resistance (R;) and ideality factor (n) as a function of temperature, respectively, for Sample A
and Sample B before and after irradiation. As shown in Figure 4, the built-in potential energy
increases with increasing temperature before and after radiation for Sample A. This
temperature dependence of the built-in potential energy is due to the effect of potential in-
homogeneities at the p-i-n interface [25]. The built-in potential energy of Sample A after
irradiation increased for all temperatures as compared to the as-grown sample. Similar trend
was observed for irradiated Sample B for temperatures up to ~280K, but for temperatures >

~280 K V; of as-grown and irradiated Sample B was similar.

Figure 5 shows the dependence of the series resistance as a function of temperature of Sample
A and Sample B before and after irradiation. As shown in Figure 5, this behaviour is different
for both samples. The series resistance of as-grown Sample A, which decreased with increasing
temperature, became very small and practically independent of temperature. However, for
Sample B, the low and temperature insensitive series resistance of the as-grown structure,
showed a decaying behaviour with increasing temperature after irradiation. In addition, it can
be seen from Figure 5 that the resistance of Sample A and Sample B change rapidly with
temperature. These results are associated with gamma radiation which has the capability to
cause an increase in temperature, thereby inducing structural alterations in the multilayer
materials. In this scenario, gamma radiation may initiate a form of thermal annealing, inducing
a process of activation of dopants, in turn, contributes to the improvement of electrical

properties of devices.

Page 8 of 32
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The ideality factor of the irradiated samples A and B became more uniform angd did;ti
change very much for temperatures greater than ~225 K and ~275 K, respectively, as shown in
Figure 6. However, the ideality factor of samples A and B were smaller after irradiation for

temperatures lower than 200 K and 250 K, respectively.

3.2 Capacitance-Voltage (C-V) measurements

C-V measurements were recorded at room temperature utilizing a BOONTON 7200
capacitance meter to determine the free carrier concentration (Ny) of both samples. Figure
8.7(a) and 8.8(a) illustrate the capacitance-voltage (C—V) characteristics at room temperature
of Sample A and Sample B, respectively, before and after irradiation. On the other hand, due
to the difference in the area of the samples, the change of capacitance per area at room
temperature as a function of reverse bias of all samples is plotted as shown in Figures 7(b) and
8(b) for comparison purposes. Figures 7(a) and 7(b) show that the change of capacitance is
similar for Sample A before and after irradiation. The capacitance of as-grown and irradiated
Sample B also follows a similar trend as shown in Figures 8(a) and 8(b), respectively. As
clearly seen in Figures 7 and 8 the capacitance of both Sample A and Sample B decreases after
irradiation. However, the decrease in capacitance/area is more pronounced in the irradiated
Sample A than in irradiated Sample B.

It is important to note from Figures 7 and 8 that after irradiation, the capacitance values
decreased in all samples. This decrease can be attributed to the dielectric constant change at
the p-i-n interface and/or the reduction of net ionized dopant concentration due to the capture

of charge carriers by defects [26]—-[28].

On the other hand, as can be noticed in Figure 9, the plots of 1/C? versus reverse bias
V for all samples at room temperature are nonlinear revealing that the junction doping profile

(concentration of carriers as a function of depletion width) are neither uniform nor linearly

rficle Online

03865C
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graded [29], i.e. they are not abrupt. These results for all samples infer non-uniformity, i thes ane e
carrier distribution at the interface and away from the interface. These effects could cause a
non-homogeneous or a spatially distributed barrier potential at the interface. As a result, the

gamma radiation dose does not impact on the junction doping profiles.

3.3 DLTS and LDLTS measurements

DLTS and LDLTS measurements [30], [31] were performed in the temperature range of 20 -
440 K in both Samples A and B before and after irradiation in order to investigate the effect of
gamma irradiation on deep-level defects at a filling pulse height Vp=0V, pulse width of tp =1
msec, rate window of 200 s'! and reverse bias of Vy=-4 V.

Figure 10(a, b) presents the DLTS spectra, before and after irradiation for both Sample
A and Sample B with reverse bias of -4V. It can be seen that the DLTS signal of Sample A did
not change after irradiation. Whereas the DLTS signal of Sample B increased by approximately

half after irradiation.

Laplace DLTS was used to resolve the broader peaks observed in conventional DLTS.
Figures 11 and 12 (a and b) show Arrhenius plots of In(e, /T?) vs (1000/T) for reverse biase of

-4V for Sample A and Sample B before and after radiation.

The activation energy (Er), trap concentration (Nt), and captured cross-section (6,,) of
all defects detected were extracted from these plots and the DLTS/LDLTS spectra. Table 2 and

Table 3 summarise these parameters.

Tables 2 and 3 show that the number of defects is larger in the samples grown on Si

substrates. It is also important to note that in general, the defects detected in both samples (A
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and B) after irradiation have different parameters than those observed in as-grown,samples (A5 oree
and B).

At Vg= -4V, the number of defects (i.e., number of trap energy levels) increased to two
for both as-grown and irradiated Sample A. As-grown Sample A displayed two electron traps,
namely EA14Y (0.05+£0.01 e¢V) and EA24V (0.45+0.08 eV). Likewise, irradiated Sample A
presented two electron traps namely EA 11,4V (0.21 £0.02 eV) and EA2,4 4V (0.22 +£0.01 V).
However, as-grown Sample B has three electron traps EB1-4Y (0.0030+0.0002 eV), EB24V
(0.067+0.003 €V) and EB34V (0.41+0.01 V), while the number of defect traps (i.e., number
of trap energy levels) in irradiated Sample B decreased to two, namely EB 11,4V (0.14+0.02¢eV)
and EB21.¢*V (0.22+0.02 eV).

In addition, at reverse bias voltage Vi = -4V, the traps EA2-4V (0.45+0.08 ¢V) and EB3-
4V (0.41£0.01 eV) with similar activation energies and present in both as-grown samples
(Sample A and Sample B) could also be of the same origin and attributed to EL5 (~0.43¢eV)
which was assigned to complexes involving As interstitials- Ga vacancies (As;Vg,) [32]. After
irradiation this trap was annihilated in both samples, and new deep defects were created,
namely EA2;.44V and EB2;,4*V, with similar activation energies of ~0.22 eV. These traps

could be of the same origin, and could be related to EL10 (~0.18 eV) [33] which was ascribed

Published on 25 November 2023. Downloaded by University of Nottingham on 12/10/2023 7:46:59 PM.

to an arsenic vacancy (V,s) complex defect involving an impurity [34]-[36].

It is important to note that the shallow traps EA1-4Y (0.05 eV), EB14Y (0.0030 ¢V) and
EB2-4V (0.067 V) detected only in as-grown samples, have not been reported previously in the
literature, and therefore their origins could not be identified in this work, but these could be
related to shallow impurities introduced either intentionally or unintentionally. It important to

mention that no shallow defects were observed in irradiated samples.
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In summary, the gamma radiation has an effect on the electrically active defects present i85 saeec
grown InAs/InGaAs QDs lasers grown on GaAs and Si substrates. This effect led to the number

of traps either decreasing, remaining the same or new traps being created after irradiation.

4 Conclusion

I-V, C-V, DLTS and Laplace DLTS were used to investigate the effect of gamma irradiation
on the electrical properties of InAs/InGaAs QD lasers grown on GaAs and Si substrates by
MBE. From I-V measurements, the ideality factor (n) and built-in voltage were increased in
both samples after radiation. However, the series resistance (Rs) at room temperature decreased
in Sample A and Sample B after radiation.

In terms of the gamma radiation effect on the electrically active defects, the number of traps
for Sample A was unchanged but the activation energies and traps’ concentrations changed
after irradiation. However, gamma radiation affected the electrically active defects of Sample
B, in which the number of traps decreased from three to two traps. Moreover, the DLTS and
Laplace DLTS have been able to reveal a close connection between the grown-in defects and

those induced by radiation.
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Figure 1: (a) Room temperature semi-log plot (I-V) characteristics of Sample A: as-grown and
irradiated. (b) Semi-log plot (J-V) characteristics of Sample A: as-grown and irradiated with the
same area of A =2.83 x 10-3 cm?. The insets in (a) and (b) show a linear I-V plot and a linear J-V

plot, respectively.
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Figure 2: (a) Room temperature semi-log plot (I-V) characteristics for Sample B: as-grown and
irradiated. (b) Room temperature Semi-log plots of dark J-V characteristics for Sample B: as-
grown (A =2.83 x 103 cm?) and irradiated (A = 5.02 x 10-3 cm?). The insets in (a) and (b) show a

linear I-V plot and a linear J-V plot, respectively.
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Figure 3: Voltage dependence of the local ideality factor for as-grown and irradiated Sample A

and Sample B at 300 K.
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Figure 4: Temperature dependence of the experimental built-in potential energy of as-grown and

gamma irradiated: (a) Sample A; (b) Sample B.
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Figure 5: Temperature dependence of the experimental series resistance determined from -V
characteristics of as-grown and gamma irradiated: (a) Sample A; (b) Sample B. It is important to

note that the as-grown sample has a smaller area than the irradiated sample.
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Figure 6: Temperature dependence of the experimental ideality factor of as-grown and gamma

irradiated: (a) Sample A; (b) Sample B.
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Figure 7: (a) Variation of capacitance C versus reverse bias V at room temperature for Sample A:

as-grown and irradiated. (b) C/Area—V characteristics for Sample A: as-grown (4 = 2.83 x 1073

cm?) and irradiated (A = 2.83 x 1073 cm?).


https://doi.org/10.1039/d3cp03865c

Page 25 of 32

Published on 25 November 2023. Downloaded by University of Nottingham on 12/10/2023 7:46:59 PM.

Physical Chemistry Chemical Physics

| —=— Sample B: As Grown (@)
220 - —*— Sample B: Irradiated

T 180

2 -1
Voltage (V)

View Article Online

DOI: 10.1039/D3CP03865C

_| —=— Sample B: As Grown (b)
| —®— Sample B: Irradiated

-2 -1
Voltage (V)

Figure 8: (a) Variation of capacitance C versus reverse bias V at room temperature for Sample B:

as-grown and irradiated. (b) C/Area—V characteristics for Sample B: as-grown (A = 2.83 x 103

cm?) and irradiated (A = 5.02 x 1073 cm?).
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Figure 9: Plots of 1/C? versus V for both as-grown and irradiated samples at room temperature.

The solid lines represent the best fit to the data points.
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Figure 10: DLTS spectra of as-grown and irradiated: (a) Sample A and (b) Sample B at Vg = -

4V
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Figure 11: Arrhenius plots obtained from Laplace DLTS spectra with reverse biases Vg = -4V,

filling pulse height Vp = 0V, and filling pulse time tp = 1 msec. For Sample A (a) as-grown and

(b) after irradiation. The labelling A and E refer to Sample A (before and after irradiation) and

electron traps, respectively. The solid lines represent the best fit to the data points.
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Figure 12: Arrhenius plots obtained from Laplace DLTS spectra with reverse biases Vg = -4V,
filling pulse height Vp = 0V, and filling pulse time tp = 1 msec. For Sample B (a) a as grown and
(b) after irradiation. The labelling B and E refer to Sample B (before and after irradiation) and

electron traps, respectively. The solid lines represent the best fit to the data points.
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Table 1 Ideality factor (n), built-in potential energy (V};) and series resistance (Rs) at room
temperature for Samples A and B: as-grown and irradiated. It is important to note that as-grown
Sample B has a smaller area than irradiated Sample B.

Sample ID n Vi (V) Rs (kQ)
Sample A: as-grown 1.54 0.63 221.58
Sample A: irradiated 1.86 0.74 20 x 1073
Sample B: as-grown 1.70 0.63 2.31 x 1073
Sample B: irradiated 1.73 0.67 3.5 x10*
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Tablel 2 Activation energy, capture cross-section, and concentration of the detected traps in
Sample A before and after irradiation at (Vg = -4 V, Vp = 0 V) with tp= 1 msec and rate
window=200 s!.

Reverse Activation Trap
) . Capture Cross-
Sample ID Bias Trap Energy Concentration section 6., (cm?)
V) (eV) (cm?) N
Sample A EA1-4V 0.05 +£0.01 7.58x104 3.02x10-18
as-grown -4 v
EA2 0.45+0.08 2.7x10'6 2.87x10°17
(EL5) [31]
EAlg?Y 0.21+0.02 7.60 x 1013 8.10x10-16
Sample A -4 (EL10)[32]
cadiat
irradiated EA2rg Y 0.22£0.01  1.52x 10V 323 % 10717
(EL10)[32]
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Tablel 3 Activation energy, capture cross-section, and concentration of the detected traps in
Sample B before and after irradiation at (Vg = -4 V, Vp = 0 V) with tp = 1 msec and rate
window=200 s!.

Reverse Activation Trap Canture Cross
Sample ID Bias Trap Energy Concentration p )
V) (eV) (cm™?) section 6., (cm?)
EB14V 0.0030£0.0002  4.96 x1015 2.12 x 10717
Sample B EB24V 0.067 £ 0.003 8.54x10!5 1.8 x 1017
as-grown -4
-4V
EB3 0.41+0.01 3.3 x 1015 3.9 x 1020
(EL5) [31]
EB 1Y 0.14 +0.02 6.94x104 2.73 x 1020
Sample B -4 (EL10)[32]
irradiated W
EB2yq 0.22 +0.02 6.58 x 1015 3.24 x 1018
(EL10)[32]
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