
ECS Journal of Solid State
Science and Technology

     

OPEN ACCESS

Effect of Electron Injection on Minority Carrier Transport in 10 MeV
Proton Irradiated β-Ga2O3 Schottky Rectifiers

To cite this article: Sushrut Modak et al 2020 ECS J. Solid State Sci. Technol. 9 045018

 

View the article online for updates and enhancements.

This content was downloaded from IP address 128.227.130.219 on 13/10/2020 at 01:55

https://doi.org/10.1149/2162-8777/ab902b
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstNuxxOpCyVcFow2TQFqjlKg-lGwvSGj9KD8WOHmWMK9m1aqwlu7EvMETXusYCSK_PdYADURgnOd3qjqM94vCgFsmw7FM5YLNV-OVgvca8Lep8PIK2ztYdQ55LthpU0fZzRBj4hWqFAA2Bo1pzBZQ5YXkpZq-PJKWPA3VuVfPvvyjuUsPCeb_TvJnXaXxImKMxUwP1x5vYMFPyNJX29xp9Pt_BV6gOhbEjJQ4EFzvLg73yKaySw&sig=Cg0ArKJSzEeorLeX5agU&adurl=https://www.electrochem.org/prime2020/registration-info


Effect of Electron Injection on Minority Carrier Transport in
10 MeV Proton Irradiated β-Ga2O3 Schottky Rectifiers
Sushrut Modak,1 Leonid Chernyak,2,z Sergey Khodorov,2 Igor Lubomirsky,2,* Arie Ruzin,3

Minghan Xian,4 Fan Ren,4,** and Stephen J. Pearton5,**

1Department of Physics, University of Central Florida, Orlando, Florida 32816, United States of America
2Department of Materials and Interfaces, Weizmann Institute of Science, Rehovot 76100, Israel
3Department of Electrical Engineering, Tel Aviv University, Tel Aviv 69978, Israel
4Department of Chemical Engineering, University of Florida, Gainesville, Florida 32611, United States of America
5Material Science and Engineering, University of Florida, Gainesville, Florida 32611, United States of America

We report the effect of extended duration electron beam exposure on the minority carrier transport properties of 10 MeV proton
irradiated (fluence ∼1014 cm−2) Si-doped β-Ga2O3 Schottky rectifiers. The diffusion length (L) of minority carriers is found to
decrease with temperature from 330 nm at 21 °C to 289 nm at 120 °C, with an activation energy of ∼26 meV. This energy
corresponds to the presence of shallow Si trap-levels. Extended duration electron beam exposure enhances L from 330 nm to
726 nm at room temperature. The rate of increase for L is lower with increased temperature, with an activation energy of 43 meV.
Finally, a brief comparison of the effect of electron injection on proton irradiated, alpha-particle irradiated and a reference Si-doped
β-Ga2O3 Schottky rectifiers is presented.
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Gallium oxide is a transparent conductive oxide with an ultra-
wide bandgap of ∼4.9 eV for the monoclinic β-polymorph. It is a
promising material with applications in high-power electronics, true
solar-blind photodetectors and sensors.1–9 The high breakdown field
of 8 MV cm−1 and electron saturation velocity of 2 × 107 cm s−1

produce advantages over GaN and SiC in these applications.
Advances in growth techniques have led to β-Ga2O3 being available
in both bulk single crystal wafer form and high purity epitaxial films
with thickness up to tens of microns.1,5,7,9 With availability of n-type
doping with Si and Sn, devices such as Schottky rectifiers, field
effect transistors and MOSFETS have been demonstrated.10–13

P-type doping is a challenge to obtain in most wide bandgap
semiconductors, but recently p-type conductivity has been shown
to exist under limited conditions in Ga2O3.

14 However, it is only
available in very low doping levels and hole mobilities, therefore,
bipolar technology in Ga2O3 without the use of other p-type oxides
is yet to flourish.

The bond strength of a semiconductor is correlated to its
bandgap.2,15–23 This property makes gallium oxide intrinsically
radiation hard as it takes radiation with a large amount of energy
to produce defects in the material. As a result, the applicability of
gallium oxide in extreme environments such as high/low tempera-
tures and exposure to hazardous radiation in lower earth satellite
orbitals becomes viable.1 Numerous studies have already been
performed to test the radiation hardness of gallium oxide.
Exposure to high intensity gamma-ray radiation 230 kGy(SiO2) of
Ga2O3 MOSFETS causes degradation in gate oxide with virtually
negligible hysteresis in the transfer characteristics.24 A new trap
level with unknown origin at Ec − 1.29 eV is introduced and the
concentration of existing Ec − 2.0 eV increased after exposing
Ga2O3 to neutron irradiation.25 In addition, Ga2O3 has been
successfully shown to detect fast neutrons (14 MeV).26 Exposure
to varying doses of electron radiation (1.5 MeV) produces a carrier
removal rate of 4.9 cm−1 and two orders of magnitude increase in
the on-state resistance of rectifiers at the highest fluence.27

Moreover, it also deteriorated the radiative recombination lifetime

and the diffusion length of minority carriers in the material.28

Minority carrier transport is of vital importance in electronics and
can severely impact the device operation in the event of degradation
to its constituent properties such as diffusion length and lifetime.
Despite the high radiation hardness of Ga2O3 it is still susceptible to
degradation to some extent making it unsuitable for applications in
hazardous environments for long periods of time. A recent study has
shown that when 18 MeV alpha-particle degraded Si-doped β-Ga2O3

is exposed to low energy electron beam for extended duration,
restores and even enhances the diffusion length.29 Time-resolved
cathodoluminescence measurements on electron injection in GaN
have provided a direct evidence in the increase of minority carrier
lifetime.30 So, electron injection has been proved to enhance and
mitigate the radiation damage to the two most important character-
istics of minority carrier transport, namely diffusion length and
lifetime.30–33 In this study we study the deterioration caused to Si-
doped β-Ga2O3 Schottky rectifiers due to 10 MeV proton irradiation
and mitigation of the radiation incurred damage using the electron
injection effect. Solar particle events, that occur at a rate of 1–2 per
solar cycle, consist primarily of protons (with energy >10 meV,
fluences >1010 cm−2).34,35 Therefore, it is one of the primary
sources of material degradation in lower earth satellite orbits and
an important phenomenon to apply and study the effect of electron
injection. Furthermore, the results are compared to previously
reported 18 MeV alpha-particle damage in a similar structure.

Experimental

The Schottky rectifiers used in this study are fabricated on Sn-
doped 650 μm thick single crystal β-Ga2O3 wafer (001 orientation)
grown by edge-defined film-fed growth technique. Si-doped epilayer
(∼20 μm) was grown with halide vapor phase epitaxy and subse-
quently thinned down to 10 μm with electromechanical polishing for
planarization. The electrically active Sn concentration in the
substrate was found to be ∼2.2 × 1018 cm−3 by Hall measurement.
Concentration of Si dopants in the epilayer is ∼3 × 1016 cm−3. Top
Schottky contacts and bottom Ohmic contacts were formed by
electron beam deposition of Ni/Au (20 nm/80 nm) and Ti/Au
(20 nm/80 nm) respectively. Proton irradiation was performed by a
10 MeV proton beam generated by a MC-50 cyclotron at Korea
Institute of Radiological and Medical Science with a beam fluence ofzE-mail: Leonid.Chernyak@ucf.edu
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1014 cm−2. The range of protons in the material was found to be
330 μm, completely irradiating the epilayer and a large portion of
the substrate. More details on the fabrication process can be found
elsewhere.36 Figure 1a shows a schematic diagram showing the
structure of the Schottky rectifiers used in this study.

Electron Beam-Induced Current (EBIC) line-scan technique is
used to measure the diffusion length of minority carriers (L) with the
help of Phillips XL-30 Scanning Electron Microscope (SEM). The
temperature control is achieved from room to 120 °C with Gatan
MonoCL2 temperature-controlled stage with 0.5 °C accuracy
integrated into the SEM. Planar-mode configuration of EBIC line-
scan with metal-semiconductor Schottky contact is employed to
measure L. For all measurements, beam energy is kept fixed at
10 keV (absorbed current ∼0.4 nA), which gives a maximum
electron range (Re) of 0.715 μm in the material with Kanaya-
Okayama method.37

As will be seen in the following section, this ensures the ratio
Re/L < 4 making sure that the diffusion length is not EBIC
resolution limited.38 Moreover, the sample thickness (h) is much
larger than the Re, ensuring that it does not limit collection of the
generated carriers. The EBIC line-scan technique is depicted in
Fig. 1a, the electron beam is scanned across the edge of the Schottky
contact moving radially outwards. Each line-scan took ∼6 s scan-
ning a total distance of ∼4.8 μm. As the beam is scanned, non-
equilibrium electron-hole pairs are generated at the point of impact
and diffuse outwards. The carrier pairs that are swept towards the
space-charge region near the Schottky contact are separated and only
the minority carriers (holes, in this case) are collected by the contact.
The current, induced due to non-equilibrium minority carriers, is
amplified with Stanford Research Systems Low-Noise Amplifier

(SR570) and then recorded with Keithley DMM 2000 digital
multimeter connected to a PC with LabView interface. Electron
injection was performed by continuously repeating the EBIC line-
scan at the same location for extended duration (up to 175 s). EBIC
signal was recorded at the same time to see the evolution of diffusion
length (L) in the affected area as a function of duration of electron
bombardment. Every instance of electron injection is performed at a
new location due to the sensitivity of the material to this effect.

Results and Discussion

Diffusion length is the total distance carriers travel before
undergoing recombination. It can be obtained from EBIC line-scan
by fitting the acquired signal to the following empirical relation39–42
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where, Ic is the measured EBIC signal, I0 is s scaling constant, x is
distance from the semiconductor-metal junction, L is the diffusion
length of minority holes and α is a constant related to surface
recombination velocity. It was noticed that x > 2 L for every line-
scan, ensuring the accuracy of extracted L values.43 For this analysis,
α is kept constant at −1.5 as it results in the best fit for EBIC line-
scan data. Figure 1b shows an example of a line-scan. Axis on left
shows the raw EBIC signal and on right, ln(I) vs x is fitted with
exp(−x/L)/xα. Line-scans are continuously repeated to induce
electron injection effect at every temperature. EBIC signal is
simultaneously recorded to extract L and determine its evolution
as a function of electron injection duration.

Figure 2 shows a plot of L as a function of duration of electron
injection at temperatures from room to 120 °C. It is observed that L
linearly increases with time, from 330 nm up to 726 nm in 175 s. At
higher temperatures, the rate of L increase goes down. At 120 °C, L
increases from 289 nm to 598 nm in the same duration. The
temperature dependent activation energy for the electron injection
effect can be obtained by44
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where, R is the slope of L increase with duration of electron injection
(from Fig. 2), R0 is a scaling constant, ΔEA,T is thermal activation
energy,ΔEA,I is the activation energy for temperature dependence of
electron injection effect, k is the Boltzmann constant, and T is the
temperature. Figure 3a shows a plot of R as a function of
temperature. The increase in L is attributed to carrier trapping or
electron injection effect. Due to extended duration of electron beam

Figure 1. (a) Schematic of the Si-doped β-Ga2O3 Schottky rectifiers used in
this study. EBIC line-scan is performed by scanning the electron beam
laterally across the Schottky barrier. (b) EBIC line-scan raw data (left) and
ln(I) vs x fitted with exp(−x/L)/xα to extract L (right).

Figure 2. Diffusion length as a function of duration of electron injection for
21 °C, 54 °C, 87 °C and 120 °C. L increases linearly with the duration and
the rate of increase of L decreases with rise in temperature.
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bombardment, excess non-equilibrium electrons are generated in the
material. These electrons occupy the trap states responsible for
carrier recombination. With longer electron beam exposure, the
number of trapped electrons continues to rise, making these states
unavailable in the recombination process.29,31,44 The rise in the non-
equilibrium carrier lifetime (τ) directly affects L as t=L D ,
where D is the diffusion coefficient in the material. The increase in L
was attributed to the rise in τ as mobility (∼D) was assumed to be
constant. This effect has been validated in a comprehensive study of
electron injection effect in GaN. Experimental evidence of increase
in L due to electron injection was found to be directly correlated to
the increase in t .30,45 Moreover, in a different study, Ga2O3

Schottky rectifiers were irradiated with high energy electrons
(1.5 MeV), and both L and τ showed a monotonic reduction with
the increase in the electron fluence.28 This suggests a similar
mechanism at play in the current structure. Furthermore, a similar
increase in L with electron injection effect was observed in ZnO.
Firstly, L was saturated with electron injection effect at room
temperature to ∼2.25 μm. Upon thermal annealing at 175 °C over
a duration of 30 min, a pronounced decrease of 1 μm was seen in L.
This effect further reinforces the involvement of electron traps in the
recombination process. Thermal activation of the trapped carriers
restores the original recombination pathways, resulting in reduced L.
Moreover, the increase in L was observed to last for several days.
Similar trend was observed in the case of Ga2O3 in this study, but a

complete comparison of the decay rates of electron injection
enhanced L in reference, alpha-particle irradiated and proton
irradiated structures will be addressed in a follow-up study.

From Figs. 2 and 3a, the rate of increase of L clearly decreases
with rise in temperature. If ΔEA,T is known, ΔEA,I can be calculated
from the slope of the Arrhenius plot in the inset of Fig. 3a.ΔEA,T can
be obtained by studying the variation of L with temperature without
or “zero” electron injection as shown in Fig. 3b. These are single
line-scans acquired at the respective temperature with virtually no
contribution of electron injection effect. The temperature depen-
dence of L can be written as.44,46
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where, L0 is a scaling constant. ΔEA,T is obtained as ∼26 meV from
the slope of the Arrhenius plot in the inset of Fig. 3b. Independent
studies have attributed this activation energy to shallow trap levels
formed by Si donors.47,48 Moreover, L decreases from 330 nm to
289 nm with rise in temperature from 21 °C to 120 °C. This
temperature dependence of L and the associated thermal activation
energy closely matches the previously reported results on a similar
structure.36 The reduction in L could occur either from the
temperature dependence of carrier recombination lifetime or en-
hanced scattering due to carrier-phonon interaction at high
temperatures.49,50 For identification of the dominating factor, tem-
perature dependent lifetime measurements, which are currently
instrument limited and will be addressed in future studies. Knowing
ΔEA,T, ΔEA,I is obtained as ∼43 meV.44 Previous work on similar
unirradiated Si-doped β-Ga2O3 Schottky rectifier found out the value
of ΔEA,I to be 74 meV,29 corresponding to a yet unknown trap
state.51 It was found that radiation damage introduces additional trap
states and recombination centers in the bandgap. The existence of
these trap states is responsible for a lower rate of L rise with duration
of electron injection.

10 MeV protons and 18 MeV alpha-particles are known to
produce point defects in Ga2O3.

52,53 It was shown that protons
create a wide range of trap states and defects spanning the entire
bandgap, a dominant defect a being shallow Hydrogen donor level.54

It was observed that 10 MeV protons with fluence ∼1014 cm−2

produce a carrier removal rate of ∼235 cm−1. On the other hand,
alpha-particles primarily produce a large number of vacancies in
clusters at the end of their trajectory.53 In Ga2O3, they have a carrier
removal rate of 406–728 cm−1 for fluences of 1012−1013cm−2.
Furthermore, radiation damage can also increase the density of
native trap levels.53,54 A comparison of results from the proton
irradiated structure in this study, previously reported alpha-particle
irradiated (18 MeV fluences of 1012−1013 cm−2) and reference
Si-doped β-Ga2O3 Schottky rectifiers is shown in Table I. The room
temperature L for reference structure is largest at 427 nm and
reduces to 378 nm and 330 nm for alpha-particle and proton
irradiated structures, respectively. Furthermore, difference in
ΔEA,T for reference and proton irradiated structure is ∼27 meV
and ∼31 meV for ΔEA,I. These values are comparable and indicate
towards a common underlying deterioration effect due to radiation
damage. For alpha-particle irradiated sample, the energy differences
compared to reference structure are ∼24 meV and ∼25 meV
respectively, reinforcing the previous assertion.

Table I. A comparison of the L, ΔEA,T & ΔEA,I for the reference,
10 MeV proton irradiated and 18 MeV alpha-particle irradiated Si-
doped β-Ga2O3 Schottky rectifiers.

Parameter Reference 18 MeV Alpha-particle 10 MeV Proton

L (nm) 427 378 330
ΔEA,T (meV) 53 29 26
ΔEA,I (meV) 74 49 43

Figure 3. (a) Plot depicting the rate for increase of L with temperature fitted
with Eq. 2. ΔEA,I is calculated from the Arrhenius plot in the inset, if ΔEA,T

is known. ΔEA,T is obtained from the temperature dependence of L, which is
obtained from a single line-scan, virtually without a trace of electron
injection effect (see (b) below).(b) Temperature dependence of L and fitted
with Eq. 3. ΔEA,T is calculated from the Arrhenius plot in the inset.
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To summarize, the incident low energy electron beam creates non-
equilibrium carrier pairs in the material and just the minority carriers
(holes, in this case) are recorded through EBIC measurement. Trap-
states in the bandgap, which provide a recombination pathway, are
occupied by the excess non-equilibrium electrons due to prolonged
exposure to the electron beam. This, in turn, causes reduction in the
recombination rate and is responsible for prolongation of L. Radiation
damage creates additional defects in the material which compounds the
recombination process and reduces L. Moreover, prolonged exposure
of the irradiated structure to electron beam causes trap saturation, but
since the number of traps is larger than in the reference structure, the
rate at which L increases, is comparatively lower. Temperature plays an
important role in electron injection and the raw value of L. The base
value of L and the rate at which it increases with temperature,
monotonically reduces for higher temperatures. Additionally, tempera-
ture measurements enable the determination of activation energies,
namely ΔEA,T & ΔEA,I, which were calculated for both proton and
alpha-particle irradiated structures as discussed above. The consistency
in the measured minority carrier transport properties due to the 10MeV
proton irradiation damage and 18MeV alpha-particle damage validate
that the same underlying mechanism is responsible in this case.

Conclusions

In conclusion, the diffusion length (L) of holes in Si-doped
β-Ga2O3 Schottky rectifiers was measured at temperatures ranging
from room to 120 °C. L decreases from 330 nm at room temperature
to 289 nm at 120 °C. The temperature dependent activation energy
for change in L was found to be 26 meV and is attributed to shallow
Si trap levels. The activation energy for temperature dependence of
electron injection effect was calculated as 43 meV. Finally, the effect
of proton irradiation was compared to alpha-particle irradiation and a
control reference structure. The effect of electron injection in both
types of radiation damage was found to be similar in nature with
comparable activation energies for temperature dependence of L and
the electron injection effect.
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