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EBIC studies of minority electron diffusion length in undoped p-type Gallium Oxide
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Minority carrier diffusion length in undoped p-type Gallium Oxide was measured at variable
temperatures as a function of electron beam charge injection using Electron Beam-Induced Current
technique in-situ in Scanning Electron Microscope. The results demonstrate that charge injection
into p-type f-Gallium Oxide leads to a significant linear increase of minority carrier diffusion
length followed by its saturation. The effect was ascribed to trapping of non-equilibrium electrons
(generated by a primary electron beam) on meta-stable native defect levels in the material, which
in turn blocks recombination through these levels. While the previous studies of the same material

were focused on probing a non-equilibrium carrier recombination by purely optical means
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(cathodoluminescence), in this work, the impact of charge injection on minority carrier diffusion
was investigated. The activation energy of ~ 0.072 eV, obtained for the phenomenon of interest, is

consistent with the involvement of Ga vacancy-related defects.
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I. Introduction

The minority electron diffusion length in p-type Gallium Oxide is a critical parameter that
significantly influences the performance of devices based on this material. Understanding the
factors that affect diffusion length and employing appropriate measurement techniques are
essential for optimizing the design and fabrication of high-performance Gallium Oxide-based
devices [1-6].
Minority electron diffusion length in Gallium Oxide is affected by various factors such as [7]:

1. Material quality: The presence of defects, impurities, and crystal imperfections can act as
recombination centers, reducing the diffusion length. High-quality gallium oxide with
minimal defects is essential for achieving longer diffusion lengths.

2. Impurity concentration: The acceptor/donor doping level in gallium oxide affects the
concentration of minority carriers. A higher doping concentration can lead to increased
recombination, reducing the diffusion length.

3. Temperature: In Gallium Oxide, the diffusion length generally decreases with increasing
temperature due to enhanced thermal vibrations and increased recombination rates.

4. Electric field: The presence of an electric field can influence the diffusion of minority
carriers, potentially affecting the diffusion length.

A long minority electron diffusion length is desirable for several reasons [8]:

1. Efficient charge carrier transport: Longer diffusion lengths allow minority carriers to travel
further before recombining, improving the efficiency of devices such as solar cells and
light-emitting diodes.

2. Reduced recombination losses: A longer diffusion length reduces the rate of recombination,

leading to lower power losses in devices like power transistors.



3. Improved device performance: Devices with longer diffusion lengths generally exhibit
better performance characteristics, such as higher efficiency, lower operating voltage, and
improved reliability.

During the last several decades, extensive studies were carried out to understand the impact of
temperature and doping level on the minority carrier diffusion length in such wide band gap
semiconductors as GaN, AlGaN, and ZnO [9-11]. These studies were complemented by
investigation of charge injection impact on minority carrier transport [12-15]. The latter injection
results in a several-fold temperature-sensitive increase of diffusion length followed by its
saturation. The effect was ascribed to charge trapping on meta-stable native defect levels.

Minority carrier transport studies in Gallium Oxide were first carried out in n-type material,
because Ga20s3 epitaxial layers are very often grown with electrons being majority carriers [16,
17]. With p-type hetero-epitaxial Gallium Oxide becoming available, minority electron diffusion
length was first measured as a function of temperature and charge injection in highly resistive (mt-
type) material [18]. Very recently, undoped p-type homoepitaxial Ga2Os layers with much higher
electrical conductivity were grown and tested by purely optical means (Cathodoluminescence
(CL)) in-situ in Scanning Electron Microscope under continuous electron beam irradiation (charge
injection) [19]. CL intensity decay with increasing duration of electron beam irradiation was
ascribed to non-equilibrium electron trapping on Gallium vacancy-related levels in Gallium Oxide
forbidden gap, which, in turn, leads to a longer non-equilibrium minority carrier lifetime in the
conduction band and consequently to the longer minority electron diffusion length. The activation
energy associated with the impact of electron beam irradiation (injection) on CL emission intensity

was estimated at ~ 0.3 eV.



In this work, the systematic Electron Beam-Induced Current (EBIC) measurements were
performed on (010) Ga203 homoepitaxial films, as in ref. [19], under variable temperatures and
durations of electron beam irradiation to obtain the activation energies for the impact of both
parameters (temperature and duration of charge injection) on the minority carrier transport.
Another goal was to complement the independent variable temperature CL measurements reported
in the ref. [19]. This work is especially relevant given the recent advances in exploiting bipolar
transport in NiO/Ga20s3 heterojunction rectifiers for power switching applications to overcome

limitations in native p-type doping of Ga203[20, 21].

I1. Experimental

Undoped 1 um-thick fGaxO3 was grown on (010)-oriented insulating Fe-doped Ga203 in a
RF-heated horizontal metalorganic chemical vapor deposition (MOCVD) reactor using Ga/O ratio
and growth temperature of 1.4x10™* and 775 °C, respectively [22, 23]. X-ray diffraction revealed
high quality layer of f-Ga203 with monoclinic space group (C2/m) symmetry.

Metal contacts for electrical characterization were prepared by Ti/Au deposited at the four
corners of the sample in a Van der Pauw configuration. The contacts were tested by measuring
I-V characteristics, which showed the Ohmic dependence in the temperature range of 450-850 K.
Because the contacts exhibited deviation from the linear 1-VV dependence below 450 K, the Hall
effect measurements were not conducted at room temperature. The positive Hall voltage increased
with increasing magnetic field, thus confirming the p-type nature of the epitaxial layer with hole
concentration p ~ 2.8x107 cm™ and resistivity p ~ 0.39 Q-cm at 450 K.

Minority carrier diffusion length, L, measurements were carried out using Electron Beam-

Induced Current technique in-sifu in Phillips XL-30 SEM using planar line-scan electron beam



excitation with an electron beam moving along the sample’s surface [7, 9, 12, 17, 18]. The EBIC
measurements were carried out at room temperature under an electron beam accelerating voltage
of 20 kV (to cover the whole epitaxial layer thickness), corresponding to ~ 0.6 nA absorbed current
(measured with Keithley 480 picoammeter) and ~ 1 um electron range (penetration depth) in the
material [24]. The EBIC line-scans (16.3 um lateral length) for diffusion length extraction were
carried out using Ni/Au (20 nm/80 nm) asymmetrical pseudo-Schottky contacts created on the film
with lithography/liftoff techniques.

A single line-scan takes approximately 12 seconds, which is sufficient for extraction of
minority carrier diffusion length value from the exponential decay of Electron Beam-Induced

Current in agreement with the following equation [24-26]:
d
I1(d) = I,d* exp (— Z) (D

Here, /(d) is the Electron Beam-Induced Current signal as a function of coordinate, d; Io is a scaling
factor; d is the coordinate measured from the edge of the contact (Ni/Au) stack; a is a
recombination coefficient (set at -0.5).

Fig. 1 shows the initial (nearly zero-injection; no more than 12 seconds) room temperature
dependence of the Electron Beam-Induced Current on the distance from the edge of the Schottky
barrier. EBIC signal was amplified with Stanford Research Systems SR 570 low-noise current
amplifier and digitized with Keithley DMM 2000, controlled by a PC using home-made software.

The inset of Fig. 1 shows the In(Ixd"?) dependence on coordinate, d. The minority carrier
(electron) diffusion length, L, is extracted as an inverse slope of the linear dependence in the inset

of Fig. 1. The value of L ~ 0.95 um was obtained for a nearly-zero injection duration.



To perform electron injection in the region of EBIC measurements, line-scans were not
interrupted for the total time of up to ~ 800 seconds (corresponding to the primary excitation
electron charge density of 2.1x1077 C/um?). The values of diffusion length were periodically
extracted using equation (1) for different incremental durations of electron injection varying from
nearly zero (for the first line-scan) to 800 seconds. For each measurement temperature, the EBIC
dependence as a function of electron beam irradiation duration was measured in a different region
in the vicinity of the Schottky barrier under test, to avoid uncontrolled impact of charge injection
on minority carrier diffusion length.

It should be noted that the primary excitation SEM electron beam serves for generation of
non-equilibrium electron-hole pairs in the material due to the band-to-band (valence band to
conduction band) transition of excited electrons. The primary excitation electrons do not
accumulate in the material since the sample is grounded, thus preserving the sample’s

electroneutrality.

II1. Results and discussions

The experiments started with variable temperature minority electron diffusion length
measurements prior to continuous electron beam irradiation. The results presented in Fig. 2 show
a decrease of L with increasing temperature, which is consistent with the previous findings in
n-type and highly resistive n-type Ga203 [16, 18]. Relatively large (~ 1 um at room temperature)
values of L, obtained in this work, as compared to the n-type samples (several hundred nm)
measured in ref. [16], provide an additional proof for material’s p-type of conductivity. Within the
current temperature range of measurements, it is likely that the origin of L decrease is due to

phonon scattering [25].



The temperature dependence of L is represented by the equation (2) [17, 25]:

L(T) = Lo exp (S2T) (2)

Here, Lo is a scaling constant; 4E4 1 is the thermal activation energy; k is the Boltzmann constant;
and T is the temperature. The activation energy pertaining to the reduction of L with temperature
is estimated at 40 meV. A detailed discussion regarding the origin of 4E4 1 is presented in ref. [25].

Fig. 3 presents results of the electron injection experiments carried out at variable temperature.
Minority electron diffusion length exhibits a linear increase with duration of electron injection
before saturation occurs (not shown in Fig. 3). The linear increase of L with electron injection
duration was previously observed in p-GaN and p-AlGaN [12-14], p-ZnO [15], unintentionally
doped GaN [26], n-Ga203 [17], and n-Ga203 [18]. Minority carrier diffusion length increase in
Fig. 3 is characterized by the rate R (dL/dt; where ¢ - is duration of electron injection), which drops
from 4 nm/s at 233 K to 0.8 nm/s at 353 K as shown in the inset of Fig. 3.

The effect of temperature on rate R is described by [18]:

R(T) = Ry exp (AEA‘T) exp (AEA" ) (3)

2kT KT

Here Ry is a scaling constant and 4E.4/1s the electron injection effect activation energy. Equation
(3) can be used to find the activation energy of injection-induced component for the increase in L
from the Arrhenius plot in Fig. 4. The slope of the Arrhenius plot is 4E4 + 0.54E4,1, from which
AE41~ 72 meV is obtained. 4E.4 1 1s associated with the mechanism responsible for the elongation
of L with injected charge.

Refs. [27, 28] summarize traps in Ga203, which are associated with native defects and
impurities. According to [27], Gallium vacancy (Vca) — related energetic levels are located at 0.1-

0.3 eV and 0.3-0.5 eV above the top of the valence band. In the previous work, focused on electron



beam irradiation impact on minority carrier diffusion length in highly resistive =n-type
Ga203 [18], the activation energy around 91 meV was identified. The relatively close values for
the activation energies (72 meV, measured in this work, versus 91 meV, reported in ref. [18])
obtained for the different samples with the different majority hole concentrations suggest
involvement of the same defect levels in both cases. At the same time, the lower value of 4E4r
reported here is likely related to the higher majority hole concentration for the material tested in
this investigation.

Ref. [19] reports studies of charge injection-induced effects using Cathodoluminescence
technique on the same material as in this work. A non-equilibrium electron, generated by a primary
scanning electron microscope beam, gets trapped by deep levels in Ga203 [18]. Because of a
relatively “deep” energetic position in the Ga203 forbidden gap, a pronounced number of the
defects, associated with these deep levels, remains in the neutral state, thus acting as meta-stable
electron traps. Trapping non-equilibrium electrons on the defect levels (traps) in the forbidden gap
of Gallium Oxide prevents additional recombination of the conduction band electrons through
these levels. This leads to an increase of lifetime, 7, for non-equilibrium electrons in the conduction
band and, as a result, to an increase of minority carrier diffusion length, L, in agreement with the

equation (4) [29]:
L =+/Dt 4)

(where D is a non-equilibrium carrier diffusion coefficient). Consequently, an increase of 7 results
in a reduction of radiative recombination events, expressed in a continuous decrease of CL peak
intensity with increased duration of electron beam irradiation.

The activation energy of ~ 0.3 eV, associated with the impact of electron beam irradiation

(injection) on CL emission intensity as reported in ref. [19], was ascribed to Gallium vacancy-
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related point defects [27]. These defects don’t necessarily determine the p-type electrical
conductivity in the sample but play a significant role in the charge trapping effects. The relative
proximity of the activation energies, previously obtained from the CL measurements for the same
material, as studied in ref. [19], and the EBIC measurements reported here, suggests similarity of
involved defect levels in both cases.

Based on the activation energy of 72 meV, obtained in this work for a Gallium vacancy-related
acceptor, its concentration, N4, could be obtained accounting for Hall majority carrier (hole)
concentration (2.8x10'" cm™ at T = 450 K). The value of N4 ~ 1.8x10'® cm™ was obtained from

the equation (5) [29].

p(T) = Ny exp (- 2224) 5)

It should be finally noted that the recent results in n-type Gallium Oxide provide more
information on the possible location of Vaa-related traps [30-32]. In relation to these findings in n-

type material, more research is needed in still poorly investigated p-type Gallium Oxide.

IV. Conclusions

Minority electron diffusion length measurements carried out in this work using EBIC
technique under variable temperatures and durations of electron beam irradiation revealed a
continuous decrease of L with increasing temperature and a continuous elongation of the same
parameter with increasing duration of irradiation. Both trends are consistent with the previously
published results for highly resistive n-type Ga:0s3 [18] and indicate involvement of the same
Gallium vacancy-related levels in the majority hole conductivity. The lower value of AE4 1 reported

in this work, as compared to the ref. [18], is likely related to the higher majority hole concentration

10



for the material tested in this investigation. To conclude, the Gallium vacancy-related acceptor

concentration was estimated at N4 ~ 1.8x10'® cm™.
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Figure Captions

Fig. 1. Room temperature initial (nearly zero injection duration) EBIC signal decay as function of
distance from the edge of the Schottky contact. Line-scan duration is 12 seconds.
Inset: Extraction of minority electron diffusion length, L, according to the equation (1). L value

obtained from the inverse slope of the linear fit is 0.95 um.

Fig. 2. Dependence of the initial (nearly zero injection) L values on temperature and the
exponential fit according to the equation (2). Different locations on the sample’s surface were
selected for each measurement temperature.

Inset: Extraction of the activation energy 4E47 (40 meV) from the Arrhenius plot for L versus T
dependence according to the equation (2). The activation energy is obtained as a slope of the linear

fit.

Fig. 3. Impact of electron beam irradiation duration on minority electron diffusion length at various
temperatures and the respective linear fits. The rate R at each temperature is obtained as the slope
of the linear fit.

Inset: R dependence for each measurement temperature and the exponential fit according to the

equation (3).

Fig. 4. Arrhenius plot for the rate R as a function of temperature. The activation energy of 72 meV

is obtained as a slope of the linear fit.
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