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ABSTRACT

The impact of electron injection on minority carrier (hole) diffusion length and lifetime at variable temperatures was studied using elec-
tron beam-induced current, continuous, and time-resolved cathodoluminescence techniques. The hole diffusion length increased from
306 nm to 347 nm with an electron injection charge density up to 117.5 nC/μm3, corresponding to the lifetime changing from 77 ps to
101 ps. Elongation of the diffusion length was attributed to the increase in the non-equilibrium carrier lifetime, which was determined
using ultrafast time-resolved cathodoluminescence and related to non-equilibrium carrier trapping on gallium vacancy levels in the GaN
forbidden gap.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0017742

I. INTRODUCTION

The III-nitrides have been the subject of investigation for
the past two decades with a push toward commercialization. In
specific, GaN, by virtue of its wide bandgap of 3.4 eV, has appli-
cations in light emitting diodes, high-frequency and high-power
electronics, and optoelectronics.1,2 Materials with a wide bandgap
are intrinsically radiation hard with a high bond strength and
high atomic displacement energy. This property opens additional
avenues for applications such as solar cell arrays for satellites and
electronics in lower Earth satellite orbits.3,4 The maturity in
n-type doping and the advances in p-type doping have enabled
the production of an array of GaN- and (Al)GaN-based high
quality devices.5,6

Minority carrier transport properties are of significant impor-
tance for the performance of GaN devices.7–10 Diffusion length of
minority carriers (L) has been measured through a variety of tech-
niques including cathodoluminescence (CL), electron beam-induced
current (EBIC) line-scan method, and EBIC beam voltage variation

method.11–15 One of the issues with wide (direct) bandgap semicon-
ductors is the short diffusion length in n- and p-type GaN.16 At the
same time, it has been previously shown that L can be several times
enhanced by exposure to a low energy (up to 30 keV) electron beam
for an extended duration (up to 3000 s). This effect was initially
observed in p-GaN and later in p-ZnO and n-Ga2O3.

17–21 It was
suggested that the increase in L in the materials is due to saturation
of the meta-stable trap levels, acting as recombination centers, with
non-equilibrium excess electrons. Additionally, continuous CL mea-
surements provided insight into the recombination behavior related
to electron beam-induced increase of the diffusion length.22 In
GaN, continuous CL intensity reduced quadratically with the dura-
tion of electron beam exposure. Reduction in the CL intensity,
which is also inversely proportional to the lifetime (τ) of carriers,
suggested that electron injection played a part in increasing the life-
time of the material. But the direct measurement of the lifetime to
understand its contribution to the enhancement of the minority
carrier diffusion length was not available at the time. In this letter, a
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coherent set of independent measurements of both L and τ identify-
ing the role of a lifetime in electron injection-induced enhancement
of L is presented.

II. EXPERIMENTAL

Samples used in this study consist of freestanding, crack-free
400 μm-thick GaN layers grown with Halide Vapor Phase Epitaxy
(HVPE) on a two-step epitaxial lateral over-grown GaN template
on sapphire. The “as-grown” GaN epitaxial layer is n-doped with a
room temperature mobility of ∼750 cm2/Vs and a carrier concen-
tration of ∼1 × 1017 cm−3. A threading dislocation density of
106 cm−2 was identified with polychromatic cathodoluminescence
mapping. Schottky contacts for EBIC measurements were fabri-
cated by photolithography and 80 nm metal (Ni/Au) deposition
followed by lift-off.23

Attolight Allallin 4027 Chronos Scanning Electron Microscope
(SEM) was used for EBIC, CL, and Time-Resolved CL (TRCL) mea-
surements. An electron beam of 10 keV (absorbed current of
11.8 pA) was used for continuous CL and TRCL experiments. Beam
energies lower than 10 keV are strongly affected by surface recombi-
nation.24 Emitted light from the sample was collected by a mirror
and lens assembly located above the sample and passed through a
UV-visible spectrometer (Horiba iHR320). A thermoelectrically
cooled CCD camera (Andor Newton 920P) operating at −70 °C,
attached to the spectrometer, was monitoring and recording the
spectrum. Hyperspectral maps were recorded by registering the
spectrum at every point over the given area by synchronizing elec-
tron beam and the CCD camera (with an integration time of 2 ms).
Electron pulses with ∼8 ps width for the time-resolved mode of
operation were generated by focusing a femtosecond laser (Onefive
Genta HP-03, 80MHz) on the SEM electron gun tip. The generated
TRCL signal was collected with a streak camera (Optronis
Optoscope) over 2 ns duration.

Electron injection was performed by injecting a total charge
density of 117.5 nC/μm3 in the area under consideration.
Hyperspectral CL scans were collected at room temperature after
deposition of 0, 19.5, 39, 58.5, 78, and 117.5 nC/μm3. After every
cycle of electron injection, 10 TRCL streaks were collected and
averaged for extraction of the lifetime.

EBIC measurements were carried out at temperatures ranging
from 77 K to 398 K. The electron beam accelerating voltage was kept
constant at 10 keV, resulting in an electron range (Re) of ∼369 nm in
the material, thus preserving the ratio of Re/L < 4 to ensure that L
measurements are not limited by EBIC resolution.25,26

The EBIC line-scan technique in planar configuration was
used to extract the diffusion length of minority carriers at variable
temperatures and injected electron densities. The electron beam
generates non-equilibrium electron–hole pairs throughout the gen-
eration volume characterized by Re but only minority carriers
(holes) are collected at the Schottky barrier and contribute to the
EBIC signal. A schematic diagram of the sample and EBIC setup is
shown in Fig. 1(a), inset. A single line-scan, taken from the edge of
the Schottky barrier outward over ∼20 μm, takes ∼6 s to complete.
Similar to the CL and TRCL case, electron injection was performed
by injecting a total charge density of 117.5 nC/μm3 in a selected
area near the edge of the Schottky barrier. EBIC line-scans were

recorded after deposition of 0, 10.7, 32, 53.4, 74.7, 96.1, and
117.5 nC/μm3. The EBIC signal from the line-scan was recorded
using a LabView program interfaced with a Stanford Research
Systems Low-Noise Current Amplifier (SR570) and a Keithley
DMM 200 digital multimeter.

III. RESULTS AND DISCUSSION

L is the average distance a carrier travels before undergoing
recombination and τ is the average time between the generation
and recombination events. They are related as

L ¼
ffiffiffiffiffiffi
Dτ

p
, (1)

where D is the diffusivity. D relates to mobility through the
Einstein equation as

FIG. 1. (a) EBIC line-scan signal at room temperature. x = 0 is located at the
edge of the metal contact. Inset: the sample structure and measurement setup.
(b) Diffusion length dependence on temperature. Inset: the Arrhenius plot of
L vs T. Thermal activation energy ΔEA,T is the inverse slope of the linear fit to
the data.
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D ¼ kBT/q, (2)

where μ is the mobility; kB is the Boltzmann constant; T is the
temperature in Kelvin; and q is the electron charge. According to
Eq. (1), the elongation of L could be attributed to either the
increase in mobility or τ or a combination of both. Reference 27
reported a decrease in resistivity of p-GaN by three orders of mag-
nitude due to electron beam exposure. This resulted from an increase
in the majority hole concentration with no change in mobility.
Additionally, the capture of the non-equilibrium electrons (generated
due to electron beam bombardment) by traps associated with
Mg-doping was responsible for L increase.28 The Mg-levels were also
responsible for the decrease of the near-band-edge luminescence
intensity in separately performed CL measurements.22 The latter
result indicated suppression of the radiative recombination pathway
and an electron beam-induced increase of the non-equilibrium
carrier lifetime due to suppressed recombination. Later in this
section, we will see that the primary contributor to electron
injection-induced L enhancement in unintentionally doped GaN,
studied in this work, is indeed associated with an increase of τ.

L was determined from EBIC line-scans according to Refs. 9
and 29–32,

Ic(x) ¼ I0x
α exp � x

L

� �
, (3)

where Ic is the measured EBIC current; x is the distance from the
edge of the Schottky barrier [cf. Fig. 1(a), inset]; I0 is a scaling
constant; and α is a constant related to the surface recombination
velocity. L is determined from the measured EBIC signal such that
x > 2L33 to ensure accuracy. Figure 1(a) presents a line-scan with a
fit of ln (Ic) using exp (−x/L)/xα. The value of α was estimated as
0.5, representing minimal contribution from surface recombination
velocity. Figure 1(b) shows extracted L values for all temperatures.

Dependence of L on temperature is given by

L(T) ¼ L0 exp
�ΔEA,T
2kBT

� �
: (4)

Here, L0 is a scaling constant and ΔEA,T is the thermal activation
energy. The base or “zero” injection value of L obtained at room
temperature was 306 nm and that obtained at 77 K was 110 nm.34 L
increased with temperature, similar to previously reported results on
GaAs.35 ΔEA,T associated with this effect is ∼21meV. Moreover, it
should be noted that the presence of silicon impurities in thick unin-
tentionally doped HVPE-grown GaN epitaxial layers with
n∼ 1 × 1017 cm−3, comparable to HVPE material studied in this
work, was experimentally demonstrated by Secondary Ion Mass
Spectrometry (SIMS). The reported concentration of Si was found
up to 9 × 1016 cm−3 for the depth ranging from 0.1 to 4 μm. In addi-
tion to Si impurity, oxygen was also detected with concentration up
to 2 × 1016 cm−3 for a comparable depth. Carbon and hydrogen were
below detection limits (<2 × 1015 cm−3 and <5 × 1015 cm−3, respec-
tively).36 Inherently, undoped GaN leans toward n-type, as seen
from the Hall measurements. The n-type proclivity of GaN is attrib-
uted to the presence of nitrogen vacancies (VN) as a major point

defect, and contamination with Si/O, which act as shallow donors.
The activation energies of VN (∼30–50meV) and Si (∼30meV) are
slightly higher than ΔEA,T .

37,38 The factor kT is a likely cause for the
temperature dependence of L [cf. Eqs. (1) and (2)]. A similar effect
was previously observed in the p-doped GaN.13

Figure 2(a) depicts the temperature variation of L with elec-
tron injection. After an injection of 117.5 nC/μm3, the room tem-
perature value of L increased from 306 nm to 347 nm. A similar
trend of the monotonic increase in L was observed at other temper-
atures. For all temperatures, L gets saturated after injection of
∼60 nC/μm3. It is important to note that the normalization of the
diffusion length increase with electron injection was done accord-
ing to the linear fit at each temperature for visual clarity. Therefore,
while all normalization lines start at L = 1 for zero electron injec-
tion charge density, the normalized values for diffusion lengths,

FIG. 2. (a) L on injected charge dependence for temperatures ranging from
77 K to 298 K. L increases linearly with time before saturation at 60 nC/μm3.
This charge is constant for all temperatures. L is normalized relative to “zero”
injected charge point of the linear fit for each temperature. (b) Rate of
L increases with injected charge vs temperature. R is calculated as the slope
for L vs injected charge density dependence in (a). Inset: the Arrhenius plot
for the calculation of activation energy ΔEA,I associated with the electron
injection effect.
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fluctuating below or above the lines for various temperatures, are
not indicative of L absolute value at a particular temperature.

The effect of temperature on rate R (dL/dQ, where Q is the
injected charge density), at which L changes due to the electron
beam irradiation, can be described as

R(T) ¼ R0 exp
�ΔEA,T
2kBT

� �
exp

ΔEA,I
kBT

� �
(5)

Here, R0 is a scaling constant and ΔEA,I is the electron injection acti-
vation energy. Figure 2(b) shows R reduction with temperature, as
was seen previously in Refs. 18, 20, and 22 and attributed to carrier
recombination rate increase. Equation (5) can be used to find
the activation energy of irradiation-induced component for the
increase in L from the Arrhenius plot in the inset of Fig. 2(b). The
slope of the Arrhenius plot is ΔEA,I � 1/2ΔEA,T , from which
ΔEA,I � 13 meV is obtained. ΔEA,I is associated with the mecha-
nism responsible for the elongation of L with injected charge. The
latter effect is likely associated with gallium vacancy (VGa), which is
a pervasive point defect in undoped GaN. VGa acts as acceptor
(∼0.2 eV above valence band) with a concentration of ∼1017 cm−339

At room temperature, the VGa level has undergone very little
thermal ionization with the majority of the VGa centers remaining
neutral and facilitating the recombination process. The ionization of
Ga vacancies, located at ∼0.2 eV above the top of the valence band
in UID GaN, is very similar to the ionization of Mg-acceptors in
p-GaN. Mg acceptor, located at ∼170–180meV above the top of
the valence band, produces about 1% of ionized acceptors at
room temperature, thus defining robust p-type conductivity.40

Non-equilibrium carriers, generated with an electron beam, are
trapped at meta-stable VGa levels, prohibiting further participation
in recombination events (cf. detailed mechanism for the effect of
electron injection, which is presented below). Here, ΔEA,I represents
the barrier height of the trap level.28 It is worthwhile to note that
the saturation charge density is constant for all temperatures. Most
of the Ga vacancies which capture non-equilibrium electrons
(>99%) are neutral in the experimental temperature range, and,
thus, the saturation charge density is not temperature-limited.

Room temperature CL spectra for 0, 19.5, and 117.5 nC/μm3

injected charge densities are shown in Fig. 3(a). CL intensity
decreases with injected charge density before finally saturating at
∼80% of the original value. An additional broad peak is observed
around 560 nm but there is virtually no change in the peak intensity
with electron injection, compared to ∼20% decrease for the peak
intensity at 363.2 nm with electron injection. A decrease in the CL
intensity suggests suppression of radiative recombination due to elec-
tron injection. As will be demonstrated, CL intensity decrease is due
to the lifetime increase of non-equilibrium carriers generated by the
electron beam. Larger lifetime also contributes toward an increase of
L. The total L enhancement is small compared to previous reports
for Mg-doped GaN (Mg:GaN).28 This could be explained by a
smaller number of the dopant (native vs foreign) levels inherently
limiting the recombination events in unintentionally doped GaN (no
more than 1017 cm−3) as compared to Mg:GaN (at least 1019 cm−3).

The lifetime obtained from TRCL measurements shows a sub-
stantial increase after electron injection. Acquired TRCL streaks at

room temperature for the injected charge of 0 and 117.5 nC/μm3 are
shown in Fig. 3(b). Extracted τ for the bare and maximum charge
injected regions were found to be 77 ± 7 and 101 ± 6 ps, respectively.
Similar to L, both continuous CL intensity and τ saturate at an
injected charge of ∼60 nC/μm3. The lifetime associated with this
injection level is ∼95 ± 8 ps. Since τ is averaged over ten streaks
(acquired at different locations within the charge injected zone), its
variance can be accounted for and is related to slightly lower lifetime
at dislocations as compared to dislocation-free zones.41

Figure 4(a) shows a linear dependence of L and
ffiffiffi
τ

p
on

the injected charge, thus confirming that the same underlying
mechanism is responsible for the increase of both parameters. As
was previously noted in Ref. 42, the lifetime of non-equilibrium
carriers in the valence (holes) and conduction (electrons) bands is
inversely proportional to the intensity of continuous CL emission
(the longer carriers stay in respective bands, the fewer is the

FIG. 3. (a) Room temperature cathodoluminescence spectra collected for the
injected charge of 0, 19.5, and 117.5 nC/μm3. Inset: the visible region of the
cathodoluminescence spectrum for the respective injected charge density. (b)
Room temperature streak signal for the bare region and the region with
maximum injected charge. Lifetime, which is the inverse slope of the streak
decay, is higher for the electron injection region. The inset shows photon counts
in a raw streak image.
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number of recombination events, and, therefore, the weaker is CL
emission). A linear dependence of I−1 and τ measured in two
independent experiments (continuous and TRCL) and shown in
Fig. 4(b) further supports the above hypothesis. Additionally,
Eq. (1) suggests linear dependence of I−1/2 on the injected charge,
which was experimentally demonstrated in Fig. 4(b), inset.

Based on the above results, one can see that Eq. (1) holds for
the measured values of L and τ with constant diffusivity (mobility).
This is a direct evidence of the effect of electron injection on τ and
its role in the enhancement of L. Minority carrier mobility (μp)
determined from Eq. (2) and based on experimentally measured
(in two independent experiments) L and τ is 464 cm2/Vs. μp is
comparable to the Hall mobility of majority electrons and is much
higher than the hole mobilities reported in the literature, which are
about an order of magnitude smaller.43 It should be noted that the
calculated value of μp is valid only for non-equilibrium carriers
generated during electron beam excitation.

The model for the effect of electron injection in unintention-
ally doped GaN can be summarized as follows (Fig. 5):

• Electron beam irradiation generates non-equilibrium carrier
pairs [Fig. 5(a)]. Only the minority carriers (holes) are collected
during EBIC line-scans.

• The non-equilibrium carriers recombine either directly or
through a trap level [Figs. 5(b) and 5(c)]. Neutral meta-stable17,28

trap levels (VGa) in the forbidden gap, responsible for recombi-
nation, capture a portion of non-equilibrium electrons. This
removes the occupied trap levels from further recombination
events [Fig. 5(d)], thus increasing the lifetime of non-equilibrium
holes in the valence band causing them to travel longer distances
(longer diffusion length) before recombination. The latter occurs
when a trapped electron overcomes (more probable at a higher
temperature) a local potential barrier ΔEA,I (associated with a
trap) and escapes into the valence band [Fig. 5(e)]. Then, the
trap level becomes again available for recombination.

• The effect of trap occupation is observed in L, continuous CL
intensity, and τ with the progression of electron injection.
Initially, L and

ffiffiffi
τ

p
show linear dependence according to Eq. (1)

up to the injected charge of ∼60 nC/μm3. At the same time, con-
tinuous CL intensity decreases such that I−1 and τ are linearly
related, suggesting that the change in τ is solely responsible for a
number of radiative recombination events.

• Injection of more than ∼60 nC/μm3 charge has no effect on L,
continuous CL intensity, and τ. This is a result of saturation of all
available recombination levels facilitating the above-described
mechanism. Previously, the effect of electron injection was reported
to last over several days. Therefore, electron injection is not a per-
manent effect and must be repeated periodically to see consistent
enhancement in the minority carrier transport properties.18

IV. CONCLUSIONS

The diffusion length of minority carriers in unintentionally
doped GaN was enhanced by virtue of trap saturation in the GaN

FIG. 4. (a) Measured L (left) and τ (right) as a function of injected charge density.
Saturation for both parameters occurs at around ∼60 nC/μm3, further charge
deposition produces a little effect. L and τ1/2 are linearly dependent [cf. Eq. (1)]. (b)
Inverse cathodoluminescence intensity as a function of lifetime of non-equilibrium
carriers. Inset: saturation of I−1/2 as a function of injected charge density.

FIG. 5. Model for the electron injection effect. (a) Electron–hole pair generation
due to electron beam irradiation. (b) Direct band-to-band recombination. (c)
Recombination through a meta-stable trap level. (d) Capture of non-equilibrium
electron on meta-stable trap level, preventing further recombination events
through this level. (e) Upon provision of ΔEA,I , the occupied trap level becomes
again available for recombination.
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forbidden gap due to electron injection. The optical signature of
the electron injection effect, seen in cathodoluminescence measure-
ments, shows suppression of radiative recombination as a result of
trap saturation. The direct measurement of radiative recombination
lifetime demonstrates its increase with electron injection dose, prior
to saturation. Finally, the relation between the diffusion length and
lifetime was experimentally confirmed.
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